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LIST OF SYMBOLS AND ABBREVIATIONS 

 

PD – partial discharges 

D1 – electrical discharges of low intensity 

D2 – electrical discharges of high intensity 

DT – discharge and thermal defect 

T1 – thermal defect in the low temperature range (< 300 °С) 

T2 – thermal defect in the medium temperature range (300–700 °С) 

T3 – high temperature thermal defect (> 700 °С) 

H2 – hydrogen 

CH4 – methan 

C2H2 – acetylene 

C2H4 – ethylene 

C2H6 – ethan 

O2 – oxygen 

N2 – nitrogen 

CO – carbon monoxide 

CO2 – carbon dioxide 

CIGRE – International Council on Large Electric Systems 

DGA – dissolved gas analysis 

ETRA – Electric Technology Research Association 

IEC – International Electrotechnical Commission 

OLTC – on-load tap changer 

MSS – Müller, Schliesing and Soldner 
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INTRODUCTION 

 
 
 
 
 
 

 
Ensuring the operational reliability of electrical power equipment, especially that 

which operates beyond its standard service life, is a pressing challenge for the power 
industry in many countries. The solution of this problem is fundamentally impossible 
without the training of highly qualified specialists who have both theoretical 
knowledge in the field of modern recognition methods and practical skills of using 
these methods. The course «Mathematical Bases of Technical Diagnostics» is one of 
the disciplines for training masters in «Electrical Systems and Networks». The aim of 
teaching this course is to equip students with methods, mathematical models and 
algorithms for diagnostics and control of electric power equipment condition, taking 
into account physical processes occurring in conditions of long-term operation, 
decision-making methodology on the possibility of further operation of electric power 
equipment and basic tools for processing of diagnostic measurements results. 

The purpose of this manual is to provide students with a theoretical basis for 
diagnosing the condition of oil-filled equipment using the dissolved gas analysis 
(DGA) method, as well as to provide them with practical skills in the use of this 
method. 

The manual gives a brief description of the DGA method. The mechanism of 
gassing in oil for equipment with different conditions is discussed. It gives a detailed 
analysis of the main approaches and criteria that are regulated by international and 
national standards and methodologies for recognising the type of defect in oil-filled 
equipment based on DGA results. Modern trends in improvement of the method are 
analysed. To perform the practical part of the assignment students are offered 
operational DGA results for 15 high-voltage transformers with defects of different 
types. The task of the students is to recognize the types of defects for each of the 
transformers and to compare the reliability of recognition using 11 best known 
standards and techniques. While solving this task students not only gain practical skills 
in interpreting DGA results, but also develop analytical thinking skills and gain 
experience in making independent decisions. 
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1. ANALYSIS OF GASES DISSOLVED IN OIL 

1.1. Summary of the DGA method 

The transformer oil dissolved gas analysis (DGA) method is extremely 

widespread in today's electricity industry due to a number of advantages: 

 possibility to carry out the analysis on operating equipment, determining its 

availability; 

 implementation by a single technician in a short time, resulting in a low cost; 

 applicability to all oil-filled transformer equipment and high voltage bushings, 

which makes it versatile; 

 the ability to detect a wide range of defects in equipment, making the DGA 

the leading tool in comprehensive diagnostics. 

The equipment required for DGA, although relatively expensive, is generally 

used for a large number of facilities, making it certainly cost-effective for almost any 

power utility. 

The steady improvement in DGA hardware, theory and methodology opens up 

the prospect of even wider and more effective use of this method in assessing the 

condition of electrical power equipment. 

DGA makes it possible to detect defects in high voltage oil-filled equipment at 

an early stage of development. The method is based on the point that any thermal or 

electrical process that develops in transformer oil or in the main insulation causes it to 

decompose and release gases which, depending on their solubility coefficient, may 

remain completely in the oil or be partially released into the gas volume above the oil. 

Each type of thermal or electrical process corresponds to a strictly defined gas spectrum 

[1–3]. 

DGA analyses the concentrations of the following gases dissolved in oil: 

hydrogen (H2), methane (CH4), ethane (C2H6), ethylene (C2H4), acetylene (C2H2), 

carbon monoxide (CO), carbon dioxide (CO2) as well as oxygen (O2) and nitrogen (N2). 

It is now known that data on dissolved gases in oil itself does not always provide 

sufficient information to assess the condition of the transformer as a whole. The timing 
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of repairs, preliminary damage and other data are an important part of the information 

required for evaluation. The evaluation criteria are determined by comparing the results 

of studies of damaged and healthy transformers, transformers with developing defects, 

laboratory models and the analysis of statistics. 

All DGA defects can be divided into two groups: 

1) thermal defects; 

2) discharges in insulation. 

In defects of the first group, due to abnormal local energy release and, 

consequently, an increase in temperature, an accelerated degradation of insulating 

materials occurs, which is accompanied by the release of degradation products, 

including gases. 

Two processes are distinguished in the degradation of cellulose: 

1) hydrolysis (heating to 110 °C), which produces water and carbon monoxide; 

2) pyrolysis (heating above 110 °C), which also releases more carbon monoxide 

and carbon dioxide and generates more carbon particles 

Both processes are accompanied by the formation of furan compounds and a 

reduction in the degree of polymerisation of cellulosic materials. 

In defects that are accompanied by electrical discharges, gases are generated 

mainly due to ionisation processes, leading to the breakdown of oil and cellulose 

molecules. The discharges are also accompanied by a release of heat, which may be 

very small in the case of partial discharges or quite large in the case of arc discharge 

formation. 

Thus, in addition to the thermal and electrical nature of the defects detected by 

the DGA, their appearance also depends on the amount of energy released by the 

respective process. 

Overheating of current-carrying connections in the transformer can occur due to: 

 heating and burnout of switchgear contacts; 

 loosening or breaking of the electrostatic shield fastening; 

 loosening of the screws on the compensators of the low voltage taps; 
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 loosening connections between the low voltage tap and the bushings stud; 

 cracked soldering of the winding elements; 

 shorted parallel winding conductors. 

Defects that cause deterioration of electrical contacts threaten the loss of 

functionality of the object. Such defects are the most dangerous. The technical 

management must decide whether the equipment should be shut down in this case. 

Overheating of the metal parts of the frame structure can be determined by: 

 unsatisfactory insulation of electrical steel sheets; 

 faulty insulation of tie rods or yoke beams with short-circuiting; 

 general heating and unacceptable local heating from magnetic dissipation 

fields in yoke beams, bands, press rings and screws; 

 improper grounding of the magnetic core; 

 faulty insulation of shock absorbers and pallet spikes, jacks and press rings. 

Above 500 °C, in addition to the appearance of carbon particles in the oil, 

coloured streaks occur on metal surfaces. 

However, there are fast-developing defects and ones that cannot be prevented by 

chromatographic analysis. Such defects include immediately developing flashover 

with generally serious consequences, flashover that develop within a short time of 

seconds to minutes (contact defects in live parts, short-circuiting of the turn insulation 

after dynamic short-circuiting effects, damage to the core in the bushing) 

DGA also identifies faults that do not directly result in damage but are 

interpreted as faults, for example acetylene leakage from the OLTC tank into the main 

tank. This process can be detected by simultaneously sampling and analysing the gases 

from the main tank and the expansion tank. The analyses detect hydrogen, which is 

released when steel rusts in the presence of water at the bottom of the tank or elsewhere 

and when zinc hydrates in the presence of water on galvanised surfaces 

Chromatographic controls shall be carried out on the following dates: 

 110 kV transformers of less than 60 MVA and auxiliary unit transformers – 6 

months after commissioning and at least once every 6 months thereafter; 
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 110 kV transformers with a capacity of 60 MVA and more, as well as all 

transformers of 220–500 kV – during the first day, 1, 3 and 6 months after 

commissioning and further – at least once every 6 months; 

 750 kV transformers – within the first day, 2 weeks, 1, 3 and 6 months after 

commissioning and then at least once every 6 months. 

The frequency of DGA for transformers with developing defects is determined 

by the dynamics of gas concentrations and the duration of defect development. 

All defects can be categorised, according to the length of time they have been 

developing, into: 

 instantaneously developing defects – the duration of development ranges 

from fractions of a second to minutes; 

 fast-developing defects – the duration of development ranges from hours to 

weeks; 

 slowly developing defects – the duration of development ranges from months 

to several years. 

The DGA method detects slowly developing defects, it is also possible to detect 

fast-developing defects and it is not possible to detect instantaneously developing 

defects at all. 

 

1.2. The main gas formation mechanisms in transformer oil 

Gases are always formed in the insulation of operating transformer equipment, 

even under design operating conditions. In the absence of defects, the level of gases 

does not exceed a certain limit, which corresponds to a defect-free transformer 

condition. Due to abnormal local energy release in the equipment, accelerated 

degradation of insulating materials occurs, which is accompanied by the formation of 

degradation products, including gases, determined by the DGA method. 

Mineral insulating oils are a mixture of different hydrocarbon molecules 

consisting of chemical groups CH3 (methyl group), CH2 (methylene group), CH 

(methine group) connected by carbon-carbon bonds. Exposure to high temperature and 
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discharge causes chemical bonds between individual atoms of these molecules to 

break. Breaking carbon-carbon (C-C) and carbon-hydrogen (C-H) bonds leads to the 

formation of active radicals such as H*, CH*, CH2*, CH3*, C*. These radicals form 

numerous hydrocarbon gases because of rapid recombination, including those used to 

determine the condition of transformer equipment. The changes in the composition of 

the gases, depending on the type of abnormal exposure, are determined by the energy 

that is released in the defect zone. To break the C-H bond requires the least energy, 

which can be released, for example, in such a type of defect as partial discharges, 

leading predominantly to the formation of H2. When the energy released in the defect 

zone increases to a value sufficient to break and form the C-C bond, predominantly 

saturated hydrocarbon gases will be formed: CH4, C2H6, C3H8 (propane). A further 

increase in temperature above 300 °C will produce, in addition to saturated 

hydrocarbon gases, also C2H4, an unsaturated gas that has a double bond C=C. C2H2, a 

gas with triple bonding between carbon atoms will be formed in the case of high energy 

discharges or at temperatures from 750 °C to 800 °C and above. Oil degradation by 

abnormal heating and discharges, in addition to H2 and hydrocarbon group gases, 

results in the formation of CO and CO2. In addition to temperature, an important factor 

that affects the amount of CO and CO2 produced is the O2 concentration in the oil, that 

is, the presence of a system to seal the equipment against the penetration of O2 of air 

and its actual condition. In addition to gases, a variety of liquid and solid products is 

also formed during oil degradation. For example, carbon is produced at temperatures 

between 500 °C and 700 °C and higher. Oil degradation under the influence of high 

temperature is possible during local and general oil heating. 

Local heating is generally characterised by high temperatures and small heating 

areas. Pyrolysis is a characteristic reaction during high-temperature heating. The 

release rate of gases during local heating increases sharply if the temperature rises and, 

for a hydrocarbon chemical reaction such as pyrolysis, depends exponentially on 

temperature. An increase in the gas release rate is observed when the temperature 

reaches about 300 °C and 500 °C. Characteristic defects that lead to localised heating 
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are deterioration of the contact joints and defects related to magnetic fluxes. The 

smaller the size of the heating zone, the less it affects the overall ageing of the oil, 

which is determined by physico-chemical methods. 

When large volumes of oil are heated to relatively low temperatures (100 °C to 

150 °C), oxidative ageing is the characteristic mechanism of oil degradation. This 

reaction can occur more intensively in the presence of sufficient dissolved oxygen in 

the oil, which can be observed in non-sealed equipment. Typical defects that lead to 

ageing are unsatisfactory operation of the cooling system, certain design features of 

transformer equipment and long periods of overloading. These defects are mainly 

accompanied by formation of CO, CO2 and absorption of dissolved O2. Sometimes 

quite substantial amounts of CO and CO2 can be formed even at normal operating 

temperatures in the absence of defects, which is related to the nature of the transformer 

oil and the individual characteristics of some of its grades. 

During the initial period of use, new oils of some grades may produce quite 

significant quantities of gas, even at operating temperatures, due to the presence of 

unstable molecules in them. This behaviour is related to the production technology and 

the raw materials used and is not indicative of a defect, but only a characteristic of the 

oil. This can be established by special laboratory tests. In most cases, the main gas is 

H2, but in some oils can form CH4, C2H6, CO and CO2. A characteristic of the initial 

gases is a gradual reduction in the rate of formation over time. 

A C-O (carbon-oxygen) bond links individual fragments of the cellulose 

macromolecule, which is weaker than the bond in the hydrocarbon oil molecule. 

Already at the temperature of cellulose from 100 °C to 105 °C intense destruction of 

its molecules begins, and at a temperature of 250 °C to 300 °C and above the process 

of degradation of cellulose materials ends with their carbonization with complete loss 

of mechanical and insulating properties. The main gases produced by cellulose 

degradation are CO and CO2. Minor amounts of hydrocarbon gases and H2 other than 

C2H2 are also formed. Since carbon oxides are produced by both the degradation of 

cellulosic materials and oil, a more accurate method of determining that it is the 
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cellulosic materials that are being degraded is to determine the liquid products of their 

decomposition, the furan components. The rate of formation of CO and CO2 because 

of thermal degradation of cellulose that is, during pyrolysis, increases sharply if the 

temperature reaches 110 °C and above. At temperatures below 110 °C the predominant 

process of cellulose degradation is hydrolysis, occurring in the presence of water and 

catalytic action of acids. During hydrolysis, carbon oxides are formed in much smaller 

quantities than during pyrolysis. Both pyrolysis and hydrolysis processes lead to the 

formation of furan compounds and a reduction in the degree of polymerisation of the 

cellulose materials. 

In some foreign sources, such as [4], temperature dependencies are used to 

analyse the formation of gases in oil (Fig. 1.1). 

 
Figure 1.1 – Temperature dependence of gas formation in oil 
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The process is considered in terms of the amount of energy required to break 

various chemical bonds in hydrocarbon molecules. In low-temperature impacts, 

hydrogen and saturated hydrocarbons are formed mainly, while indivisible 

hydrocarbons are formed only in high-temperature impacts. As can be seen from the 

figure, hydrogen and methane begin to form in small quantities at around 150 °C. At 

around 250 °C, ethane is released. At around 350 °C, ethylene starts to form. At 500–

700 °C the formation of acetylene begins. In the past, the presence of only a small 

amount of acetylene was considered to indicate a temperature of at least 700 °C. 

However, recent discoveries have led to the conclusion that a thermal fault (hot spot) 

of 500 °C can produce negligible amounts of acetylene (a few parts per million). A 

higher acetylene content can only be produced at temperatures above 700 °C by an 

internal arc. At 200–300 °C, the formation of methane exceeds the production of 

hydrogen. From 275 °C and above, ethane production exceeds methane production. At 

around 450 °C the hydrogen emission exceeds all others up to 750–800 °C, after which 

more acetylene is produced. 

It should be noted that taking into account only the values of energy impact 

levels on the insulation does not always help to explain the peculiarities of gas content 

in oil-filled equipment. After all, if this logic is followed, the hydrogen content should 

have been the highest for not only all defects occur, but also when the equipment is in 

a normal state, since the lowest energy is needed to break the hydrogen bonds. 

However, practice shows that in many cases hydrogen concentrations are significantly 

inferior to hydrocarbon gas concentrations, despite the fact that more energy is needed 

to break hydrocarbon bonds. This fact testifies that gas formation must be considered 

as a total result of closely interconnected chemical reactions, depending not only on 

quantity of absorbed energy, but also on a number of other factors. One of these factors 

is the secondary conversion of gases, which in their chemical properties do not differ 

from the original, liquid hydrocarbons of transformer oils. As an example, there are 

significant qualitative differences between sealed and non-sealed equipment in good 

working order [5–9]. While the gas content of normally operating sealed equipment is 
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fully consistent with the mechanism described above, in non-sealed equipment, due to 

the presence of oxygen-air and the process of gas diffusion, an extremely low hydrogen 

content and a high ethylene content are observed. 

According to existing views, the maximum hydrogen content in oil during low-

temperature influences typical of normal operation is caused by the fact that the 

breaking of hydrogen bonds occurs at lower energy input, which is observed in 

serviceable sealed equipment. At the same time, as shown in [10], out of 7393 oil 

samples analysed in undamaged normally operating non-sealed transformers, the 

number of samples with maximum water concentration was 239, which represents 

3.23 % of the total number of samples. The low hydrogen content in the oil of non-

sealed transformers is due to the low solubility coefficient of this gas in the oil and, 

consequently, to the migration of most of the hydrogen into the atmosphere by 

diffusion process. 

As it's shown in [5–10] the atypically high content of ethylene in non-sealed 

equipment (3545 samples out of 7393 that is 47,96 %) is caused by that during 

transformer oil oxidation by atmospheric oxygen in presence of copper catalyst 

unsaturated hydrocarbons are formed, particularly ethylene, propylene, 1-butenes, 2-

butenes. In addition to these gases, methane and hydrogen are produced in relatively 

large quantities, but due to the high degree of diffusion, their content in the oil of non-

sealed equipment is limited. 

Particular attention should be paid to the formation of acetylene in the oil of 

normally functioning equipment. According to most current standards, acetylene 

concentrations exceeding the analytical detection threshold indicate the presence of 

high energy discharges or a zone with a temperature above 750–800 °C in the 

equipment. Research by [6, 11] indicates that atypical, that is, not related to pyrolysis, 

acetylene production of up to 0.002 % vol. can occur at temperatures of 12–16 °C in 

medical syringes with nickel-plated parts. Atypical acetylene formation is also possible 

when adding fresh oil to equipment with a long operating life. In [6] it is noted that 

atypical acetylene formation can be caused by the breakdown in operation of liquid 
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hydrocarbons, which already have acetylene radicals in their composition, before they 

are filled into the equipment. The formation of these radicals can occur when the 

transformer oil is exposed to local high temperatures during its manufacture. However, 

the formation of acetylene radicals in liquid hydrocarbons during the cleavage of 

aromatic hydrocarbons at transformer operating temperatures cannot be excluded. 

The above examples clearly illustrate that the formation of gases in oil is a 

complex process, which is influenced by many factors. Therefore, in order to interpret 

the DGA results correctly, it is necessary to take into account the design of the 

equipment, as well as the grade of transformer oil and the operating conditions of the 

equipment. 

1.3. Analysis of factors affecting the gas content of oil-filled equipment 

In order to improve the reliability of diagnoses made using the DGA method, 

some aspects need to be taken into account that may become apparent when using this 

method [12]. 

In particular, the characteristics of the equipment to be monitored must be taken 

into account. For example, as the power and voltage class of a transformer increases, 

so do the dissipation fluxes and the resulting additional losses. This increases the 

proportion of faults caused by the heating of metal parts due to the flow of eddy 

currents. The high voltage creates the preconditions for partial discharges on the 

surface and in the depth of the cellulose insulation. 

Some transformers (e.g. auxiliary transformers) are characterised by unstable 

operation. They are less likely to develop defects from dissipation fluxes and discharge 

phenomena because their power and voltage are lower than those of block transformers 

are. For this equipment, it is more likely that defects associated with OLTC operation 

– overheating of the tap connections (Fig. 1.2), especially in OLTCs installed in delta-

connected windings. 

Shunt reactors are more prone to defects due to their design: 

 overheating of electromagnetic screens and discharges on them; 
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 electrical discharges in the area of the absorbers of the active part and 

electrostatic shields; 

 partial discharges on the winding surface; 

 overheating at the point where the magnetic shunts are shorted to the base 

plates presses the winding. 

In non-sealed equipment, unlike sealed equipment, all other things being equal, 

there are lower concentrations of gases in the oil because of diffusion to the 

atmosphere. 

 
 a b  

 
c 

Figure 1.2 – Photos of the results of the defects on the OLTC elements:  

a – carbon deposits on OLTC contacts; b – burned contacts on OLTC contacts without 

voltage; c – overheating of the OLTC contactor 
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Old equipment (from the 50–60s) has more potential defects due to lack of 

knowledge, technology, materials, etc. at that time. For example, the pin design of the 

magnetic core promotes short circuits in the magnetic system; some insulation designs 

lack design solutions to counteract the occurrence of partial discharges, etc. 

The interpretation of the DGA results themselves is complicated by the 

following circumstances [12]: 

 defects of different nature and the consequences they cause of very different 

degrees of severity can be perceived in much the same way from the DGA's point of 

view; 

 the increased concentration of gases in the transformer oil may be due to other 

causes than defects; 

 even if there are defects in the transformer, gas concentrations in the oil may 

decrease instead of increasing for various reasons; 

 the locations where the sample was taken and where the defect occurred can 

be separated from one another (within the size of the tank); 

 gases have different solubility in oil: the most oil-soluble is acetylene 

(solubility coefficient is 400 % by volume), the least soluble is hydrogen (solubility 

coefficient is 7 % by volume). 

When analysing the oil gas content, sometimes a situation occurs where the gas 

content is very high and the concentrations continue to rise slowly. After degassing or 

changing the oil, everything repeats. In this case the transformer is likely to have a slow 

defect with high gassing intensity, but the nature of the defect is not a serious danger 

and the operation of the transformer in this condition can last for years (with proper 

monitoring). 

If the above examples are added to situations where obvious defects do not cause 

an increase in gas concentrations in the oil, as well as cases where two or more defects 

with different gas release laws are present simultaneously, certain difficulties and 

errors that can arise in the interpretation of DGA results become clear. 
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Since the primary sign of a defect in oil-filled equipment is that the measured 

gas concentrations exceed the regulated limit values, it is important to understand what 

factors may influence the value of gas concentrations during operation.  

According to [12], an increase in gas concentrations in serviceable transformers 

can be caused by the following factors: 

 residual gas concentrations from a transformer defect repaired – the cellulose 

insulation absorbs a significant amount of gas and, after repairing the damage, 

replacing (degassing) the oil and putting the transformer into operation, all previously 

absorbed gases are released from the cellulose insulation, except for H2, because it 

evaporates quickly. The diffusion activity of gases from the cellulose into the oil 

depends on the transformer load: at high load the gases are actively released into the 

oil and subsequently disappear relatively quickly in transformers with «free breathing», 

while in transformers with nitrogen and film protection the gas growth stops and their 

concentrations stabilise; 

 an increase in transformer – as is well known, it is accompanied by an 

increase in losses, which are dissipated as heat, affecting the formation of gases. The 

intensity of gas generation during overloading increases and decreases to an initial level 

as the load decreases. This relationship is more pronounced in defective transformers, 

with thermal defects associated with dissipation fluxes and defects in the integrity of 

the conductive circuits; 

 mixing of fresh oil with old gas-saturated residues in OLTC tanks, surge tanks, 

etc.; 

 refilling with the oil in use and containing dissolved gases; 

 desorption of gases from the silica gel of the thermosiphon filters; 

 carrying out welding work on a tank filled with oil; 

 damage to oil pumps with unshielded stator – if the oil pump motor burns out, 

the whole spectrum of gases can appear, including acetylene. A sharp increase in the 

concentration of gases can occur, followed by a rapid decrease in the case of a 
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transformer with «free breathing» and a stabilisation of the concentration in 

transformers with nitrogen and oil film protection; 

 overheating due to defects in the cooling system – clogging of the outer surface 

of the coolers, disconnection of part of the oil pumps, etc. In the event of a cooling 

system failure, active outgassing occurs, with ethane predominating over all other 

gases and a sharp increase in CO2 content; 

 overheating of oil by thermoelectric heaters during oil treatment in degassing 

and other installations; 

 overflow of gases from the OLTC contactor surge tank to the transformer 

surge tank, has OLTC type RS-3 or RS-4; 

 seasonal variations in the intensity of solid insulation and oil ageing. Gases 

may be emitted when the oil is exposed to sunlight; 

 exposure to short-circuit currents – in the case of a short circuit in an 

electrically connected network, failure or malfunction of arresters, overload or 

overvoltage due to lightning and switching overvoltages, phase reversal, etc. [13, 14] 

there is an increase in CO2 and CO concentrations. After 1-2 months, the concentrations 

of these gases decrease to their original values; 

 significant amounts of CO2 and CO can be generated even at normal 

operating temperatures – this is due to the nature of transformer oil and the individual 

characteristics of some brands. During the initial period of operation, new oils of some 

grades may also emit significant amounts of gases (in addition to CO and CO2, also 

CH4 and C2H6) due to the presence of unstable molecules in them. This is due to the 

manufacturing process and the raw materials used; 

 hydrogen is released when steel rusts in the presence of water at the bottom 

of the tank and oxygen in the oil, as well as through the reaction of free water with 

special coatings on metal surfaces, in particular when zinc hydrates on galvanised 

surfaces; 

 the internal coatings of transformer parts with alkyd resins and modified 

polyurethanes can give off gases during operation; 
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 the cause of outgassing can be a short circuit between the core and the tank, 

as it is not always possible to eliminate such short circuits during transformer repairs. 

In such situations, specialists use a resistor instead of the earth bar of the active part in 

order to limit the eddy current. Resistors are often chosen arbitrarily, which in some 

cases is unacceptable, and in other cases requires a special calculation. Ignoring this 

rule leads to overheating of the installed resistor, which itself becomes a source of 

gassing. 

In [15] a case is cited where acetylene was detected in a DGA inspection of a 

shunt reactor. This gas is known to be of great concern to specialists and is an indication 

of the presence of high energy discharges or high temperature heating. In this case, 

such a diagnosis was not confirmed by the results of other tests, in particular the 

measurement of partial discharges. The analysis of the design suggested that there was 

a source of high heat in the area of the upper yoke. Subsequently, inspection of the 

active part revealed a slight heating of the upper clamping plate, in the fastening of 

which epoxy resin was applied to the magnetic core. The laboratory tests revealed an 

unexpected fact – heating of the epoxy resin in oil already at 150 °C leads to the 

formation of acetylene. A further surprise was found in the analysis of this case: heating 

of the epoxy resin and led to the formation of furfural, a diagnostic parameter, which 

indicates the degradation of cellulose. 

As shown in [12], such factors can reduce the concentration of dissolved gases 

in oil in both defect-free and defective transformers: 

 nitrogen purging in transformers with nitrogen oil protection; 

 reducing the transformer load; 

 silica gel replacement; 

 prolonged shutdown; 

 oil degassing – when conducting oil degassing, it must be taken into account 

that gases with a low solubility coefficient in oil are easily released, while gases with 

a high solubility coefficient (C2H6, C2H4) can rarely be completely removed, so even 

after degassing some gases may remain in the oil and distort the diagnostic condition 
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of the transformer later on; 

 refilling with degassed oil; 

 partial or complete oil change in transformer tank, oil lines, add-on tanks, 

surge tanks, OLTC selectors, etc.; 

 filling with oil under vacuum. 

Obviously, a correct diagnosis using the DGA method cannot be made without 

considering these factors. 

1.4. Types of defects in oil-filled equipment 

1.4.1 Peculiarity of the defect concept in transformer equipment 

All defects observed in transformer equipment are characterised by a certain 

energy that is abnormally released in the insulation, and by the size of the area in which 

this energy is released. Temperature, as a measure of energy, determines the qualitative 

and quantitative composition of the gases produced when oil and cellulose insulation 

breaks down. This makes it possible to relate the presence of individual gases dissolved 

in the oil and their quantitative relationship to a particular type of defect. The difference 

in the absolute concentration of gases is determined by the size of the defect zone and 

the temperature. The temperature also determines the rate of increase in gas 

concentrations in the oil. Abnormally high temperatures or discharge phenomena 

detected by the DGA method are a consequence and a side-effect characteristic of 

various defects that can occur in transformer equipment. For example, heating can be 

caused by defects of different origins and degrees of danger. The same composition of 

gases can accompany both the heating of metal structures by circulating currents 

caused by dissipation currents and the heating of conductive circuits, in the case of 

increased transient resistance of detachable and/or non-detachable joints. An increase 

in the ohmic resistance of a conductive circuit, as well as the heating of this conductor, 

are different symptoms of the same defect. Discharge phenomena can also be caused 

by various reasons. These include gas bubbles that remain as a result of paper insulation 

not being properly oiled, high moisture content in the insulation, and contact faults (for 
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example, in a high-voltage bushing or earthing bus). Just one of the defect symptoms, 

thermal or discharge, as determined by DGA results, cannot clearly indicate the cause 

of the defect. Therefore, with the aim of diagnosing the primary defect and not its 

consequences, as well as determining the danger of the defect and its location in the 

equipment, the DGA method should be used as an auxiliary method in a set of 

diagnostic methods. The conclusions obtained from the interpretation of DGA results 

are the initial information for determining further diagnostic measures for real 

assessment of the defect danger and development of the repair work programme for its 

elimination. 

1.4.2. Thermal defects 

1.4.2.1. Thermal defect in the temperature range from 150 °C to 300 °C 

Predominantly saturated hydrocarbon gases that require minimum energy to 

form are formed. For oil pyrolysis at these temperatures the key gases are H2, CH4, 

C2H6, C3H8 (propane), C3H6 (propylene) and 1-C4H8 (1-butene, 1-butylene). The 

relative amount of C2H4 increases with increasing temperature. Heating of cellulosic 

materials to 150 °C leads to the formation of CO and CO2 gases, which are key gases, 

and at 300 °C ends in complete carbonisation. It must be borne in mind that the rate of 

formation of gases due to cellulose degradation may decrease until it stops completely 

after the degradation of the cellulose in the defect area has ended. At the same time, 

the rate of formation of gases due to oil degradation, provided the defect develops, will 

increase all the time due to convective transport of new portions of oil into the defect 

area. At higher temperatures, CO and CO2 formation also occurs because of oxidative 

oil ageing. This is particularly noticeable in non-sealed equipment where the 

concentration of O2, freely penetrating into the oil from the air, does not limit the 

formation of these gases. This type of defect is characteristic of transformer equipment. 

For bushings or current transformers, a thermal defect with a temperature between 

120 °C and 150 °C can be critical (Fig. 1.3). 
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Figure 1.3 – Photo of the result of a low-temperature thermal defect impact on a measuring 

voltage transformer 

1.4.2.2 Thermal defect in the temperature range from 300 °C to 700 °C 

The rate of gas formation increases. The concentration of C2H4 relative to the 

saturated hydrocarbon gases – CH4, C2H6 and H2 – grows faster with increasing 

temperature and at about 300 °C to 400 °C the concentrations of C2H6 and C2H4 

equalise. At temperatures of 500 °C and above, C2H4 is the key gas. At 500 °C the 

pyrolysis activation energy increases sharply, which leads to an increase in the rate of 

gas formation. At temperatures above 500 °C the formation of carbon particles in the 

oil is possible, and an annealing colours appear on the metal surfaces (Fig. 1.4). 

 
Figure 1.4 – Carbonisation of the joint due to a thermal defect in the temperature range 

between 300 °C and 700 °C 
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1.4.2.3 Thermal defect in the temperature range above 700 °C 

The rate of formation of C2H4 increases. The energy at temperatures above 

750 °C is sufficient to produce a small amount of C2H2. The concentration of C2H6 

relative to C2H4 decreases significantly. Pyrolysis of oil at these temperatures occurs 

with intensive formation of carbon particles and aluminium melting (Fig. 1.5). This 

results in the appearance of a annealing colour on the metal parts in the heating zone. 

Such heating can be accompanied by the release of gas bubbles and consequently the 

gas relay is triggered. 

 
 a b  

 
c 

Figure 1.5 – Photo of the effects of thermal defects on oil-filled equipment elements: 

a – traces of exposure to high-temperature overheating; b – traces of aluminium melting; 

c – delamination of the core shell of the transformer core 
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1.4.3. Defects accompanied by electrical discharges 

1.4.3.1. Partial discharges 

Partial discharges are accompanied by emissions of H2, which is the key gas, and 

in much smaller quantities by CH4. The gases C2H6 and C2H4 are present in very small 

quantities at the level of the analytical limit of their determination. An increase of 

partial discharge power is accompanied by an increase of relative concentration of 

C2H6 and C2H4 and by the formation of C2H2. In oils with a high content of paraffin 

hydrocarbons the formation of X-wax – jelly-like products of oil destruction – is 

possible. Partial discharges in cellulose insulation lead to the formation of carbon-

contaminated holes, through which further development can proceed until the 

insulation gaps are completely breached (Fig. 1.6). 

 
Figure 1.6 – Examples of the effects of partial discharges on elements of insulation 

structures 

1.4.3.2. Discharges of low energy density 

In the case of intense sparking, the key gas is H2, due to a marked increase in the 

concentration of C2H2 and, to a lesser extent, CH4, C2H6 and C2H4. 

1.4.3.3. Discharges of high energy density 

A sustained arc discharge is accompanied by the release of a large amount of 
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energy in a short period. The gases produced usually do not have time to dissolve into 

the oil and are released in the form of bubbles. This can cause free gases to form in the 

gas relay and cause the transformer to shut down. Typical gases during arc discharge 

are H2 and C2H2, in addition to small amounts of C2H4, CH4 and C2H6. The arc 

discharge in oil is characterised by a fairly stable ratio of gases, viz: H2 = 60–65 %, 

С2Н2 = 25–28 %, С2Н4 = 5–6 %, СН4 = 3–4 %, С2Н6 = 0.5 % (Fig. 1.7). 

  
 a b  

 
c 

Figure 1.7 – Photo of the effects results of high energy discharges:  

a – short circuit between the control winding coils; b – winding and insulation faults due to 

arc faults; c – traces of discharges and metal melting due to arc faults 
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1.4.3.4. Discharges on the surface and in the paper insulation layer (creeping 

discharge) 

The creep discharge is characterised by a markedly higher energy release 

compared to partial discharges and spark discharges in oil. The key gases for this type 

of defect are H2, C2H4 and CH4 with a smaller amount of C2H2. 

1.5. Recognising the type of defect to be predicted by the DGA results 

The obvious advantage of the DGA method is not only the ability to detect 

defects early, but also to recognize the type of defect to be predicted. For the first one, 

the values of gas concentrations and gas rise rates are used, while for the second one, 

the values of gas ratios, gas percentages and gas ratios to the gas with the maximum 

content are used. Since 1990, the CIGRE TF 15.01.01 working group has been 

comparing the techniques authorized by various national or departmental regulations 

in addition to the international standard IEC 60599 [16, 17]. The analysis revealed a 

great variation in the standards and criteria for the assessment of transformers. 

Accordingly, different methodologies for interpreting the DGA lead to different 

conclusions. It was found that none of the methodologies is suitable for universal use. 

The most common methodologies for interpreting DGA results are given here. 

The differences in concentration limits and gas rise rates in the standards and 

methodologies analysed have not been considered in the present material. A reasonably 

complete analysis of this issue is given in [18]. 

1.5.1. SOU-N ЕЕ 46.501:2006 standard (Ukraine) [19] 

This standard is the official document regulating the implementation of the DGA 

in the Ukrainian power engineering sector. It was officially registered in 2006 and was 

developed by V. V. Sokolov, V. N. Berezhnyi and other eminent experts in this field. 

The standard recommends the use of both gas ratios and graphical methods 

(method of graphical images, also known as the Nomogram method) to identify the 

type of defect based on the DGA results. In addition to these techniques, the Duval 

Triangle and ETRA square are recommended for defect type recognition.  
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All types of defects accompanied by gas production are characterised by certain 

ratios between the individual gases produced. An evolving defect causes gas 

concentrations to increase, but the ratios between the individual gases change very 

little. This makes it possible to trace the development of a defect that has occurred 

before and its transition to another type or the emergence of a new defect. 

Ratio СН4/H2. For cases where H2 is the key gas and the next highest 

hydrocarbon gas in concentration is CH4, this ratio indicates the presence of partial 

discharges. The value of the ratio for this type of defect is 0.1 or less. This ratio is used 

in the diagnosis of thermal defects as an auxiliary, where it is greater than 1. 

Ratio C2H2/C2H4 indicates the presence of low and high energy discharges, 

sufficient to produce C2H2 in significant quantities. For such defects, the ratio is more 

than 1 and increases with increasing discharge power. For a sustained arc discharge, 

the ratio reaches 5. Using this ratio for the DGA results from the contactor tank of a 

switching device makes it possible to detect the possible presence of abnormal heating, 

which can be diagnosed at a ratio of less than 1.5. Such heating, for example, could be 

a consequence of damage to the contactor connections. 

Ratio C2H4/C2H6 is basic in determining thermal defects. The ratio value 

increases with increasing temperature in the defect area. At temperatures up to 300–

350 °C this ratio is less than 1, approximately equal to 1 at around 350 °C and increases 

to 4 at 700 °C. 

Ratio CO2/CO may indicate a cellulose insulation failure. In the case of thermal 

damage to paper with a temperature in the defect area of less than 150 °C, the ratio is 

greater than 10, and at temperatures greater than 250 °C it is less than 3. This ratio 

gives reliable results with sufficiently high concentrations of these gases, at least 

5000 µl/l CO2 and 500 µl/l CO. The process of cellulose insulation damage is 

accompanied by the formation of furan series compounds. Both gases, in no lesser 

quantity than in the case of paper damage, can be produced by thermal oxidation of oil, 

especially in unsealed equipment with free access to O2. 

For transformers with OLTC, the C2H2/H2 ratio can indicate a leakage between 
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the main tank and a separate OLTC tank. Defective gases can enter the transformer's 

main tank from the tap changer tank through leaks. The ratio in this case is 2 or more. 

Ratio О2/N2. These gases can enter the oil either by direct contact with the air in 

non-sealed equipment, or by leakage of the film or nitrogen protection of sealed 

equipment. For equipment with nitrogen protection, the indicator of leakage is only O2. 

Intense oxidation processes in oil occur with the consumption of O2. If the rate of O2 

consumption is higher than the rate at which it diffuses into the oil from the air, the 

ratio decreases and, when its value reaches 0.2 or less, oxidation processes of 

abnormally high intensity can be diagnosed in non-sealed equipment. Such a ratio is 

mainly characteristic of sealed equipment, but at high intensity of oxidation processes 

can also occur in non-sealed equipment. Provided the equilibrium solubility of O2 and 

N2 is reached, the ratio of these gases in the oil is approximately 0.5. 

Determining the type of defect by characteristic gas ratios. Each type of 

defect produces a characteristic gas composition. The ratios of the concentrations of 

individual pairs of these gases have definite values for the different defect types, 

allowing the type of major defect to be determined using these ratios. All defect type 

determination schemes with individual gas ratios can be applied to all types of 

equipment. It is recommended to use diagnostic schemes (tabular and graphical), which 

are based on gas ratios with an acceptable reliability of results, if the concentration of 

individual gases comprising these ratios or at least one of them exceeds the following 

values (in μl/l): H2 = 50, CH4 = 15, С2Н4 = 15, С2Н6 = 15, С2Н2 = 3, СО = 200, 

СО2 = 1000 (1 µl/l = 0.0001 % vol.). Determination of the defect type using the three 

basic gas ratios (C2H2/C2H4, CH4/H2 and C2H4/C2H6), are tabulated in Table 1.1. 
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Table 1.1 – Determining the type of defect using three basic gas ratios 

Type of defect Defect code С2Н2/С2Н4 СН4/Н2 С2Н4/С2Н6 

Normal oil ageing NF NS 0.1–1 < 0.2 
Partial discharges PD NS < 0.1 < 0.2 
Low energy discharges D1 > 1 0.1–0.5 > 1 

High energy discharges D2 > 1 0.1–1 > 2 
Discharges on the surface 
and in the paper insulation 
layer (creeping discharge) 

D3 < 1 0.3–0.5 > 5 

Thermal defect with 
temperature 150–300 °C Т1 NS > 1 < 1 

Thermal defect with 
temperature 300–700 °С Т2 NS > 1 1–4 

Thermal defect with 
temperature > 700 °С Т3 < 0.2 > 1 > 4 

Note. NS – non-significant ratio. Not considered for this type of defect. 

1.5.2. IEC 60599 standard [20] 

This methodology is an international standard developed by the IEC. The first 

edition of the standard was published in 1978, the second edition was finally 

formulated in 2007. The latest, third edition of the standard was published in 2015. 

The following gas ratios are used for defect type recognition: CH4/H2, 

C2H4/C2H6 and C2H2/C2H4. Interpretation of the results is only carried out if the 

concentration of the gases is above a certain level and the sensitivity of the equipment 

for analysis is sufficient. As an auxiliary criterion the CO2/CO gas ratio is used, which 

indicates the presence of paper ageing. To make the diagnosis more precise two 

additional gas ratios have been introduced: C2H2/H2 (evaluating the influence of gas 

penetration from the tap changer into the tank) and O2/N2 (indicating oil overheating). 

The identification of the defect type using this standard is shown in Table 1.2. 

  



32 

Table 1.2 – Interpretation of DGA results according to IEC 60599 

Characteristic fault C2H2/C2H4 СН4/H2 C2H4/C2H6 
Partial discharges NSa < 0.1 < 0.2 
Discharges of low energy > 1 0.1–0.5 > 1 
Discharges of high energy 0.6–2.5 0.1–1 > 2 

Thermal defect t < 300 °С NSa >1, but NSa <1 
Thermal defect  
300 °С < t < 700 °C < 0.1 > 1 1–4 

Thermal defect > 700 °С < 0.2b > 1 > 4 
Note 1. In some countries, the ratio C2H2/C2H6 is used, rather than the ratio CH4/H2. Also in 

some countries, slightly different ratio limits are used. 

Note 2. CH4/H2 < 0.2 for partial discharges in instrument transformers. CH4/H2 < 0.07 for 

partial discharges in bushings. 
a NS = Non-significant whatever the value. 
b An increasing value of the amount of C2H2 may indicate that the hot spot temperature is 

higher than 1 000 °C 

In the annex of this standard, Duval Triangle technique and a graphical 

representation of gas ratios in two projections (Fig. 1.8) and in three dimensional form 

(Fig. 1.9) are given. Typical gas concentrations IEC 60599 recommends determining 

from a database of a particular user. It is calculated as the concentration on the integral 

distribution curve, which corresponds to 90 % of the analyses for transformers in good 

working order. 
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Figure 1.8 – Two representations of gas ratios based on IEC standard, darkened areas are 

areas of uncertainty 

 
Figure 1.9 – Volume representation of the relationship between defects and gas ratios 

1.5.3 IEEE Std C57.104-2019 standard [21] 

In this methodology, the emphasis is precisely on defect detection. For this 

purpose, it is proposed to focus on four levels of dissolved gas concentration limits, % 

vol. The methodology introduces a new diagnostic parameter, total dissolved 

combustible gases (TDCG), that is, the sum of all gases except CO2. It should be noted 
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that this parameter plays a major role in identifying the defective state of the 

transformer, while CO2 gas is hardly used in the analysis.  

Redarding to the nature of defects, this standard proposes to use the Rogers Ratio 

and Duval Triangle 1 to identify the type of defect. In addition, an annex of this 

standard provides additional identification methods, in particular the Dörnenburg and 

Key Gas methods, as well as Duval Triangles 4 and 5 and Duval Pentagons 1 and 2. 

An important part of the method is to take account of changes in gas concentration over 

time. 

1.5.4. Dörnenburg Ratios method [22] 

To recognise the type of defect, the dependence of C2H2/С2H4 on CH4/H2 and on 

C2H4/С2H6 is used (Fig. 1.8). The individual zones in the figure correspond to the areas 

of: thermal degradation, arcing and partial discharges. The method does not sufficiently 

distinguish between defects, but gives the possibility to use gases from the gas relay.  

Further development of the method has led to an increase in the gas ratios used. 

The Dörnenburg method uses the following gas ratios: CH4/H2, C2H2/C2H4, C2H2/CH4 

and C2H6/C2H2. These ratios combine 5 gases: H2, CH4, C2H2, C2H4 and C2H6. The 

method makes it possible to identify three main defects in oil-filled equipment: thermal 

decomposition, corona (low intensity PD) and arcing (high intensity PD). The 

concentrations obtained are compared with the limit values given in Table 1.3. 

Table 1.3 – Interpretation of DGA results using the Dörnenburg Ratios 

Suggested fault diagnosis СН4/H2 C2H2/C2H4 C2H2/CH4 C2H6/C2H2 
Thermal decomposition > 1.0 < 0.75 < 0.3 > 0.4 
Corona (low intensity PD) < 0.1 — < 0.3 > 0.4 
Arcing (high intensity PD) 0.1 < x < 1.0 > 0.75 > 0.3 < 0.4 

1.5.5. Rogers Ratios method [23] 

The English specialist R. R. Rogers (C.E.G.B., England) in 1978 proposed a 

technique for determining the nature of a transformer defect, which is known in the 

power engineering industry as the «Rogers Ratio». This methodology is used by 
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utilities in England and Wales. It is based on the ratio of unsaturated to saturated 

hydrocarbons in the oil to its temperature. It also takes into account the increase in 

hydrogen content as the temperature rises. If the concentration of gases exceeds the 

limit values, the presence of defects in the transformer is assumed. 

Four gas ratios are used to determine the type of defect using the Rogers 

technique: CH4/H2, C2H6/CH4, C2H4/C2H6 and C2H2/C2H4. The gases are arranged in 

ascending order of insulation decomposition temperature. Depending on the value of 

the gas ratios, they are assigned the code numbers given in Table 1.4, which are used 

to make a diagnosis. The diagnostic conclusion is based on a combination of codes 

which are assigned depending on the gas concentration ratios and the value (or range 

of values) of the respective gas concentration ratios. The diagnostic conclusions from 

the combination of codes is shown in Table 1.5. 

Table 1.4 – Gas concentration ratios and codes according to Rogers' Ratios 

Gas Ratio Range Code 

СН4/Н2 

< 0.1 5 
0.1 < x < 1 0 
1 < x < 3 1 

> 3 2 

С2Н6/СН4 
< 1 0 
> 1 1 

С2Н4/С2Н6 
< 1 0 

1 < x < 3 1 
> 3 2 

С2Н2/С2Н4 
< 0.5 0 

0.5 < x < 3 1 
> 3 2 
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Table 1.5 – Diagnostic conclusions on code combinations 

Code 
Diagnosis СН4 

 Н2 
С2Н6 
СН4 

С2Н4 
С2Н6 

С2Н2 
С2Н4 

0 0 0 0 Normal Deterioration 
5 0 0 0 Partial Discharges 

1, 2 0 0 0 Slight Overheating, below 150 °C 
1,2 1 0 0 Slight Overheating, 150–200 °С 
0 1 0 0 Slight Overheating, 200–300 °С 
0 0 1 0 General Conductor Overheating 
1 0 1 0 Winding Circulating Currents 

1 0 2 0 Core and Tank Circulating Currents, 
overheated joints 

0 0 0 1 Flashover without Power Follow Through 
0 0 1, 2 1, 2 Arc with Power Follow Through 
0 0 2 2 Continuous Sparking to Floating Potential 
5 0 0 1, 2 Partial Discharge with Tracking 

1.5.5. MSS method [24] 

The authors of this method are R. Müller, H. Schliesing and K. Soldner. It was 

published in 1977. The MSS method differs significantly from those previously 

discussed. 

There are three types of thermal defects considered in this method: 

1) local overheating up to 300 ºC; 

2) local overheating from 300 ºC to 1000 ºC; 

3) local overheating over 1000 ºC, that is introduced additionally. 

In addition, a new defect called «thermal defect and partial discharges» is 

introduced. The gas ratios analysed differ considerably from those used in other 

techniques. In this method, H2/CH4 is analysed instead of CH4/H2; C2H2/C2H6 instead 

of C2H6/C2H2; additionally C2H4/C3H6 gas ratios are introduced. The relationship 

between defect type and gas concentration ratios is given in Table 1.6. 
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Table 1.6 – Correlation of defects with gas concentration ratios 

Diagnosis Н2/СН4 C2H4/C2H6 C2H2/C2H6 C2H4/C3H6 CО2/CО 
Partial discharge 
with low energy 

≥ 10 < 0.3 < 0.3 – 3 ≤ x < 10 

Partial discharge 
with high energy 

≥ 10 < 0.3 < 0.3 – 3 ≤ x < 10 

Discharge of low 
energy 

3 ≤ x < 10 ≥ 1 ≥ 3 ≥ 1 < 3 

Discharge of high 
energy 

0.3 ≤ x < 1 ≥ 1 ≥ 3 ≥ 1 < 3 

Local overheating 
up to 300 ºC 

< 1 < 1 < 0.3 0.3 ≤ x < 1 ≥ 10 

Local overheating 
from 300 ºC to 
1000 ºC 

< 1 ≥ 1 < 0.3 0.3 ≤ x < 1 ≥ 10 

Local overheating 
over 1000 ºC 

< 1 ≥ 1 0.3 ≤ x < 3 ≥ 1 ≥ 10 

Local overheating 
and discharge 1 ≤ x  < 3 ≥ 1 0.3 ≤ x < 3 0.3 ≤ x < 1 ≥ 10 

Local overheating 
and partial 
discharge 

≥ 10 ≥ 1 < 0.3 0.3≤ x <1 ≥ 10 

1.5.6. CIGRE TF 15.01.01 Guideline [25] 

CIGRE TF 15.01.01 Guideline identifies the following normal concentrations of 

key gases for large network and unit transformers (Table 1.7). 

Table 1.7 – Normal key gas concentrations according to CIGRE TF 15.01.01 

Key gas Key gas concentration 
(ppm) Suspect of indication 

С2Н2 > 20 Power Discharge 
Н2 > 100 Partial Discharge 
∑СхНу  Thermal Fault 
 > 1000 if up to ∑ C1*, C2*, C3* – Hydrocarbons 
 > 500 if up to ∑ C1*, C2* – Hydrocarbons 
СО2 and СО > 10000 Cellulosic degradation 
* In some international and national standards and methods, gases are named according to the 
systematic nomenclature developed by the International Union of Pure and Applied Chemistry 
(IUPAC). According to this nomenclature, gases are designated as follows: C1 for methane, C2 
for ethane, C3 for propane, etc. 
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The Guideline includes the following key gas ratios. 

Ratio С2Н2/С2Н6 (acetylene/ethane) was used as the key ratio in the 

determination of an electrical discharge. In this case normally a ratio of > 1 indicates a 

fault. 

Ratio Н2/СН4 (hydrogen/methane) was used as the key ratio to determine a 

partial discharge. In this case normally the ratio is > 10. IEC 60599 uses the ratio 

methane/hydrogen. 

Ratio С2Н4/С2Н6 (ethylene/ethane) was used as the key ratio to determine 

whether a thermal fault in the oil is involved. In this case normally the ratio is > 1. This 

ratio is representative for the relation of unsaturated hydrocarbons against saturated 

hydrocarbons. Unsaturated hydrocarbons are mainly formed in the case of thermal 

faults in the oil. 

Ratio СО2/СО (carbon dioxide/carbon monoxide) was used as the key ratio in 

determination whether degradation of the cellulosic materials is involved. In the case 

of overheating of the cellulose normally the ratio is > 10. In the case of degradation of 

cellulose caused by an electrical fault, normally the ratio is < 3. 

Ratio С2Н2/Н2 (acetylene/hydrogen) was used as the key ratio in determination 

whether fault gases diffuse info the tank from an in tank tap changer. In this case 

normally the ratio is ≥ 2 and the concentration of C2H2 ≥ 30 ppm. As hydrogen is less 

soluble in transformer oil than acetylene it diffuses faster out of the diverter switch tank 

than hydrogen and so only small amounts of hydrogen diffuse into the main tank. The 

consequence is that in this case the amount of acetylene in the transformer oil is higher 

than the amount of hydrogen. 

The interpretation procedure is as follows: The concentrations and ratios of the 

key gases are determined from the oil DGA results. If all concentrations are lower than 

the key-concentrations denote the result as K1. If at least one of the concentrations is 

higher than the key-concentrations, denote the result as K2. If all individual ratios are 

below the limits (for the СО2 and СО within the limits), denote the result as R1. If any 

ratio is larger (for the СО2 and СО out of limits), denote the result as R2. 
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Combination of results: 

 K1 and R1: No action, transformer most probably healthy. 

 K2 and R2: Transformer most probably faulty, additional analyses needed. 

 K1 and R2: Possible incipient failure, additional analyses needed. 

 K2 and R1: Possibility of more than one failure, further investigations needed. 

In order to make a reliable diagnosis, the sampling is repeated to calculate the 

above code combinations, except for the first one. Further analysis and other 

investigations are carried out to find the nature of the defects that have occurred. A 

comparison of the data obtained with statistical distributions contained in the 

databases of various organisations, the content of H2, CH4, C2H4, C2H6, N2 and O2 

gases depending on the voltage class, load and service life of transformers is carried 

out. The load of mains transformers is much lower. 

The Guidelines are characterised by a staged approach to assessing the 

condition of a transformer: first, the possible presence of a defect and the need for 

further examination of the transformer is determined by simple methods, and then the 

nature and danger of the defect is identified by a more detailed analysis of DGA data. 

The Guidelines do not contradict the IEC 60599 standards, but rather develop them in 

a practical way. 

1.5.7. RD 153-34.0-46.302-00 standard (Russian Federation) [26] 

In the Russian Federation, this standard is the officially valid regulatory document 

for DGA-based diagnosis. In May 2019, it was partially replaced by the new standard 

STO 34.01-23-003-2019. In the new standard, the criteria used for defect type recognition 

are the same as those regulated in IEC 60599. Y. M. Lvov, T. E. Kasatkina, 

E. I. Nesvizhsky and E. M. Beda were at the origin of the development of RD 153-34.0-

46.302-00. The date of registration of the first edition was 1989. The last version of this 

standard was published in 2001. 

The following gas ratios are used to determine the defect type: C2H2/C2H4, CH4/H2 

and C2H6/CH4. The relationship between defect type and gas concentration ratios is given 

in Table 1.8. 
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Table 1.8 – Interpretation of DGA results using the RD 153-34.0-46.302-00 

Type of predicted defect 
Concentration ratio of characteristic 

gases 
С2Н2/С2Н4 СН4/Н2 С2Н4/С2Н6 

Normal oil ageing < 0.1 0.1–1 ≤ 1 
PD with low energy density < 0.1 < 0.1 ≤ 1 
PD with high energy density 0.1–3 < 0.1 ≤ 1 
Discharges with low energy density > 0.1 0.1–1 1–3 
Discharges with high energy density 0.1–3 0.1–1 ≥ 3 
Low temperature thermal defect (< 150 °C) < 0.1 0.1–1 1–3 
Thermal defect in the low temperature range 
(150-300 °C) < 0.1 ≥ 1 < 1 

Thermal defect in the medium temperature 
range (300-700 °C) < 0.1 ≥ 1 1–3 

High temperature thermal defect (> 700 °C) < 0.1 ≥ 1 ≥ 3 

In addition to the values of gas ratios, both standards mentioned recommends 

the use of graphical images (nomograms) of defects to recognise the type of defect. It 

should be noted that in addition to defects specified in Table 1.8, both standards also 

regulates the value of gas ratios for combined defects (that is overheating, which turns 

into discharges or discharges accompanied by heating or simultaneous development of 

several defects in the same transformer), which is not observed in other standards and 

methodologies. For the detection of combined defects the following ratios are 

presribed: С2Н2/C2H4  0,1 and СН4/H2 > 0,5 or С2Н2/C2H4 < 0,1 and СН4/H2  0,5. 

1.5.8. Duval Triangles and Pentagons [27, 28] 

This is the one of the first example of a graphical rather than a computationally 

logical approach to defect identification. The well-known Canadian specialist 

M. Duval at Hydro-Quebec developed the Duval Triangle in 1974. The method allows 

the concentrations of three gases (С2Н2, С2Н4, СН4) to plot a point on a graph 

represented as a triangle (Fig. 1.10). The area of the triangle is divided into seven zones. 

Each zone corresponds to a particular type of transformer defect. Seven defect states 

are considered: PD, D1, D2, DT, T1, T2 and T3. The point belonging to a specific zone  
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determines the type of defect. Somewhat later, M. Duval has proposed new versions of 

the Duval Triangle for mineral oil-filled equipment, for oil-filled OLTC devices, for 

non-mineral oil-filled equipment, and for low-temperature defect detection. In general, 

there are 7 triangles that are used for different cases. However, Triangle 1 (Fig. 1.10) 

is the most commonly used, and Triangles 4 and 5 are used to clarify the type of defect 

established with Triangle 1. 

Let's look at how Duval Triangle 1, used to establish the type of defect, is 

constructed. Firstly, this triangle is equilateral. On each side, the relative concentration 

of a particular gas is plotted, which can vary from 0 to 100% in a clockwise direction. 

The sum of the concentration values of all gases reflected on the triangle is taken as 

100%, and the percentage concentrations of each gas are determined from this sum. 

Secondly, when drawing the boundaries of the defect zones, the lines are drawn parallel 

to the side of the triangle, i.e. if a point is taken on the CH4 side, the line from this point 

runs parallel to the C2H2 side, and if a point is taken on the C2H4 side, then it is parallel 

to the CH4 side, etc. Thirdly, the values given in Table 1.9 are used to draw the lines 

and define the corresponding zones. The above constructions result in a Duval Triangle 

(Fig. 1.10). 

Table 1.9 – Coordinates of defect zone boundaries 

Code Defect Side of a triangle Point, % 

PD Partial discharges with low 
energy density СН4 98 

D1 Discharges with low energy 
density 

С2Н4 
С2Н2 

23 
13 

D2 Discharges with high energy 
density 

С2Н4 
С2Н2 

23, 40 
13, 29 

DТ Discharge and thermal defect С2Н4 
С2Н2 

40, 50 
4, 13, 15, 29 

Т1 Thermal defect in the low 
temperature range (150-300 °C) 

С2Н4 
С2Н2 

20 
4 

Т2 Thermal defect in the medium 
temperature range (300-700 °C) 

С2Н4 
С2Н2 

20, 50 
4 

Т3 High temperature thermal defect 
(> 700 °C) 

С2Н4 
С2Н2 

50 
15 
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Figure 1.10 – Duval Triangle 

In practical use of the Duval Triangle, find the percentage of each gas, plot it on 

the appropriate side of the triangle and from each point draw three lines parallel to the 

trailing side, which will intersect at one point. The location of this point will determine 

the area and the defect to be diagnosed. 

The technique under consideration not only clearly shows the «location» of the 

defect, but also allows observation of the trajectory of its development, when several 

DGAs are done after a certain time and the resulting points are sequentially plotted on 

a triangle. A disadvantage of the Duval triangle is the incomplete use of the diagnostic 

information obtained from the DGA. 

Similar to the Duval Triangle, another additional graphical technique [28] has 

also been developed to provide an interpretation of the DGA results in oil filled 

transformers – Duval Pentagons (type I and II) (Fig. 1.11). In these Pentagons, the 

relative concentrations of the five dissolved gases (% H2, % CH4, % C2H6, % C2H4 and 

% C2H2) are plotted on each axis. The defect type is determined by calculating the 

geometric centre of the polygon. Each Duval Pentagon type can identify seven 

potential defects. The difference between the two types of Duval Pentagon is shown in 

Table 1.10. 
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 а b 

Figure 1.11 – Duval Pentagons:  

а – type I; b – type II 

Table 1.10 – Comparison of defect types for Duval Pentagons 

Type I Type II 
PD – corona partial discharges PD – corona partial discharges 
D1 – low energy discharges D1 – low energy discharges 
D2 – high energy discharges D2 – high energy discharges 
Т3 – thermal faults > 700 °C Т3-H – thermal faults T3-H in oil only 

Т2 – thermal faults of 300 to 700°C C – thermal faults T3-C, T2-C, and T1-
C with carbonization of paper 

Т1 – thermal faults < 300 °C O – overheating T1-O < 250°C 
S – stray gassing S of mineral oil at 120 
and 200°C in the laboratory 

S – stray gassing S of mineral oil at 120 
and 200°C in the laboratory 

However, a combination of the two existing Duval Pentagons has recently been 

proposed. The purpose of this combination is to facilitate the automatic identification 

of faults using computer software and, at the same time, to apply all the features of 

both original pentagons reduced to a single geometry. The result of this combination is 

shown in Fig. 1.12. 
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Figure 1.12 – Combined Duval Pentagon 

1.5.9. GATRON method [12] 

This method was developed at GATRON GmbH in Germany. It is based on the 

analysis of seven gases dissolved in transformer oil. Here, in addition to the usual 

hydrogen, methane, acetylene, ethylene and ethane, propylene (C3H6) and propane 

(C3H8) are considered. This approach is used in power transformer monitoring systems 

in several European countries. As with the Duval Triangle, the interpretation of 

chromatographic results is done by geometrically plotting a point on the plane of an 

equilateral triangle, which in this method is called a Fault Gas Triangle (Fig. 1.13). 

 
Figure 1.13 – Fault Gas Triangle 

● – diagnostic point of the application case 
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Diagnosing only three gases in the Duval Triangle, as already noted, can in some 

cases lead to errors in defect identification, since hydrogen and other gases are not 

considered in the analysis. The GATRON method is very representative of the set of 

gases, but since it is a question of the sides of a triangle, the following approach is 

proposed here: 

 one side of the triangle is assigned to H2; 

 second is assigned to C2H2; 

 third is assigned to the sum of the gases, which is designated as CH4+. 

CH4+ refers to the weighted sum of hydrocarbon gases CH4, C2H4, C2H6, C3H6, 

and C3H8. It may be measured directly by the sensor during monitoring or it may be 

obtained by summing the results of a complete chromatographic analysis. 

By analogy with the Duval Triangle, the sum of H2, C2H2 and CH4+ is taken as 

100 %. From the DGA results, the fractions (in percent) of each of the three quantities 

are determined and then plotted on the respective sides of the triangle. Lines are then 

drawn parallel to the lagging side of the triangle (if moving clockwise). All lines, as in 

the Duval Triangle, will intersect at one point. This method identifies the following 

types of defects: PD, D1, D2, T1, T2 and T3, and in addition a defect not previously 

considered called «oil overflow from the OLTC contactor tank», which is labeled 

OLTC Leakage on the triangle. 

1.5.10. ETRA square [29] 

This methodology was developed by the Electric Technology Research 

Association and is set out in the Japanese national standard. A 3-level classification 

system is proposed to identify the presence and extent of internal defects in the 

transformer under analysis using this method. 

 Warning Level 1: While the results of gas-in-oil analysis do not indicate any 

abnormalities, values are beyond normal levels, and it is judged that some kind of 

internal change of state has occurred. 

 Warning Level 2: The results of gas-in-oil analysis show that signs of 

abnormality have already appeared in the transformer. 
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 Trouble Level: The results of gas-in-oil analysis show a progression from 

Warning Level 2 to a clear internal abnormality in the transformer. 

This classification system in the method is presented in the form of a table. 

This standard also regulates the use of graphical methods of defect type 

recognition. The ratios of the three gases C2H2, C2H4, C2H6 are analysed to determine 

the nature of the defect. In contrast to previous techniques, in this case a rectangle is 

constructed with irregular scales on its two sides. In the area of the square, the zones 

corresponding to this or that type of defect are identified. This method proposes the use 

of 2 similar rectangles – diagnostic chart A and B. They differ in the gas ratios used 

and the number of defects detected. Chart A is useful for discriminating between 

overheating and discharge phenomena. Diagnostic chart B is the newly adopted 

diagnosis method by the ETRA. Discharge domains in chart A are separated into three 

parts, that is, arc discharge (high energy), discharge (middle energy) and partial 

discharge (low energy). Fig. 1.14 shows the diagnostic chart B, better known in 

Ukraine as the «ETRA square», which is the most convenient way of identifying the 

type of defect. 

The algorithm for determining the type of defect is simple enough: 

1) the ratios are calculated С2Н2/С2Н6 and С2Н4/С2Н6; 

2) on the abscissa axis the value of the C2H4/C2H6 ratio is plotted to scale, and 

on the ordinate axis the value of the C2H2/C2H6 ratio is plotted to scale; 

3) the intersection point of the perpendiculars drawn from these points will 

indicate the area corresponding to the type of defect. 

If the concentration of C2H2 is less than the detection limit, the gas is considered 

missing. The ratio C2H2/C2H6 in this case is not calculated, but is conventionally taken 

as 0.005. In this case, only thermal defects can be diagnosed in the equipment [19]. 
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Figure 1.14 – ETRA square 

1.5.11. Key Gas method [1, 30] 

Key Gas method was developed in the Doble Engineering Company in 1973. 

The method is based on determining the percentage of key gas for a given type of defect 

in high voltage oil-filled electrical equipment. Interpretation of the gaseous 

decomposition product results is made by simply looking at the facts. For example, PD 

in oil is characterised by the release of large amounts of hydrogen and small amounts 

of other hydrocarbon gases. Thus, for this type of defect the main gas is H2, and the 

defect can be identified by a certain percentage of this gas. The main disadvantage of 

this technique is the limited number of defects that can be identified (Fig. 1.15). 
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 а b 

 
 c d 

Figure 1.15 – Defects that are recognised using the Key Gas method: 

a – overheated oil; b – overheated cellulose; c – PD in oil; d – arcing in oil; 

1.5.12. Nomogram method (graphic images of defects) [29, 31] 

This technique was proposed by Japanese scientists and has been actively used 

in Japan since the 1980s under the name of gas pattern. In Ukraine, it is better known 

as the Nomogram method or graphic images of defects. These images are plotted 

against the concentrations of five gases: H2, CH4, C2H6, C2H4, C2H2. The technique 

was developed based on practical experience comparing actually detected defects with 

the concentrations of gases derived from DGA. It should be noted that these images 

are constructed for equipment in which concentrations of some or at least one gas 

exceed the limit values. 

The algorithm for constructing a graphic image of the defect is as follows: 

1) Based on the DGA results, the one with the highest absolute concentration is 

selected among all the gases. 
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2) Determine the ratio of each gas to the gas with the highest concentration. The 

ratio of the gas with the highest concentration is taken as 1, the ratio of the other gases 

will be less than 1. 

3) Plot the defect image by placing the gases on the abscissa in strictly the 

following order: H2, CH4, C2H6, C2H4, C2H2, and the calculated ratio for each of these 

gases is plotted on the ordinate axis. Connect the points with a line. 

4) The resulting graph is compared with the reference images (Fig. 1.16) and the 

one that achieves the best match is selected. This image determines the type of defect. 

The reference defect images are regulated in [19] and [26]. In addition to the 

regulated images shown in Fig. 1.16, [32] provides results of graphic images analysis 

for a wider range of defects. In [33–41] results of comparison of gas percentages, gas 

ratios and graphical images for defects of different types are given. 

In [42], defect diagrams obtained by digitising the nomograms recommended by 

the International Energy Commission are given. In addition to hydrocarbon gases and 

hydrogen, carbon monoxide and carbon dioxide are used. These gases are used to 

detect damage to the main insulation of transformers. The graphs in Fig. 1.17 are shown 

for defects without damage to the solid insulation. 

   

а    b    c 
Figure 1.16 – Reference images of defects:  

а – PD; b – low energy density discharges; c – sparking, creeping discharge; 
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Figure 1.16 – Reference images of defects (conclusion): 
d, e – arcing; f – low temperature overheating; g – low temperature overheating; h – 

overheating passing into PD; k – overheating passing into arcing; l, m – high temperature 
overheating; n, o – overheating passing into discharges 
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а    b    c 

   
d    e    f 

   
g    h    k 

Figure 1.17 – Defect diagrams: 

а – PD; b – spark or arc discharge; c, d – overheating; e, f – overheating with possible 

passing into arcing; g, h – overheating with possible passing into PD; k – arc discharge 

A comparative analysis of the reliability of defect type recognition performed in 

[43] showed that one of the significant drawbacks of the method of graphic images is 

a limited number of reference images, which makes it difficult to recognize many types 

of defects. The analysis of graphical images constructed based on the results of in-

service control of oil gas content in transformers with different types of defects [32] 

showed that even with the same defect, for equipment of the same type, graphical 

images can differ significantly both from each other and from the reference images. 

The main reasons for the differences identified are both individual defect development 

and differences in the amount of energy released during defect development. In 
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addition, equipment design, oil grade and a number of other factors also have a 

significant influence. In this regard, there is an objective need to improve the defect 

type recognition procedure using graphic images of defect. In [44, 45], to take into 

account the drift of coordinate values of the graphical images, it is proposed to use not 

reference images, but reference areas, which are constructed by the results of DGA 

equipment with the same type of defect. The maximum and minimum coordinate 

values (the ratio of each of the gases to the gas with the maximum concentration) 

obtained for the arrays of DGA results with the same type of defect are proposed to be 

used as values of the boundaries of the reference areas. 

For automatic recognition of the defect type, it is proposed to use the method of 

diagnosis by distance to the set. In this method, the distance is estimated not from a 

single point – a reference, but from a point x (the object presented for recognition) to 

all points of the set with a given diagnosis. The recognition algorithm is as follows. 

The distance from point x (the object presented for diagnosis) to all points in the area 

of a given diagnosis (points of the training group) is determined, and the minimum 

distance is «memorized»: 
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where Н*

2i, СН*
4i, С2Н*

6i, С2Н*
4i, С2Н*

2i – coordinate values calculated from the values 

of gas concentrations for the i-th object with the S-th diagnosis; Н2, СН4, С2Н6, С2Н4, 

С2Н2 – coordinate values calculated from the gas concentrations of the diagnosed 

equipment; v – distance measure. 

Decision x ∈ Si is taken if 







 k

s
k Sail minmin .

 
To reduce the amount of calculations in the first step, the diagnostic distance 

between the coordinates of the diagnosed object and the centres of the reference areas, 

which are the defect reference images, can be calculated.  

Using the DGA results for more than 3 000 high-voltage power transformers, 

125 graphic areas for various defect types, including combined defects, have been  
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constructed. This significantly extends the base of reference nomograms and allows a 

larger number of defects to be recognised compared to the current standards. 

As an example, Fig. 1.18 shows graphical areas of defects for which the gas with 

the maximum content is ethane. The solid line indicates the centre of the area, which 

coincides with the defect nomogram; the dashed lines indicate the lower and upper 

limits of the defect area. It should be noted that in none of the standards in force, the 

nomograms for defects with a maximum ethane content are standardised. 

    

    

    
Figure 1.18 – Graphic areas of defects:  

1–4 – overheating in the temperature range 150–300 С; 5 – PD and Х-wax depositions; 6, 

7 – overheating in the temperature range 150–300 С and PD; 8, 9 – overheating in the 

temperature range 150–300 С and low energy density discharges 
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Figure 1.18 – Graphic areas of defects (conclusion): 

10–12 – overheating in the temperature range 150–300 С and high energy density 

discharges; 13, 14 – overheating in the temperature range 150–300 С passing into arc 

1.5.13. Logarithmic Nomograph method [46] 

J. O. Church of the U.S. Bureau of Reclamation developed the Logarithmic 

Nomograph method. This method is the combination the fault gas ratio concept and the 

Key Gas threshold value. It was intended to provide both a graphic presentation of 

fault-gas data and the means to interpret its significance. The Nomograph consists of a 

series of vertical logarithmic scales representing the concentrations of the individual 

gases (Fig. 1.19). Straight lines will be drawn between adjacent scales to connect the 

points representing the values of the individual concentration. The slopes of these lines 

are the diagnostic criteria for determining the type of fault. The key at the bottom of 

the chart between the two axes indicates the fault type for the two axes. 

A visual comparison of the slopes of the line segments with the keys given at the 

bottom of the Nomograph is all that are needed to identify the type of fault 

(overheating, arcing or partial discharges). Each vertical scale is assigned a threshold  

10

0.0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1.0

H2 CH4 C2H6 C2H4 C2H2

11

0.0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1.0

H2 CH4 C2H6 C2H4 C2H2

12

0.0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1.0

H2 CH4 C2H6 C2H4 C2H2

13

0.0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1.0

H2 CH4 C2H6 C2H4 C2H2

14

0.0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1.0

H2 CH4 C2H6 C2H4 C2H2



55 

value by an arrow. This technique can be applied if at least one of the values exceeds 

the threshold value. The disadvantage of this technique is the poverty of the diagnostic 

conclusion, as only three main defects can be identified. 

 
Figure 1.19 – Logarithmic Nomograph 

1.5.14. Radar charts method [47] 

Serious work on the interpretation of the DGA was carried out by a team of 

specialists from the Ural Federal University under the leadership of I. V. Davydenko. 

At the stage of defect detection, they propose to use two levels of values of 
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concentrations of dissolved gases in oil: permissible and the maximum permissible. A 

study of the factors influencing the concentrations of dissolved gases in oil has led to 

the following conclusions about the advisability of differentiating permissible and 

maximum permissible values in the following way: 

 how the transformer oil is protected (sealed and non-sealed); 

 by oil grade; 

 by service life (up to 3, 3–15, 15–27, 27–37, over 37 years); 

 by voltage class (35, 110, 220–500 kV); 

 by type of OLTC. 

The whole dataset of DGA results was divided into samples according to the 

influence factors found. An integral distribution function was constructed for each sample 

to find the permissible and maximum permissible values of gas concentrations.  

In order to determine the nature of the defect, it is proposed to display the object 

condition based on DGA results in the form of an 8-blade diagram, where the seven axes 

show the gas concentrations and the eighth axis shows their sum, calculated according to 

the formula: 

 

where Ki – hydrogen and hydrocarbon gas concentrations; m – scale factor (usually 

m = 0,01); KСО – CO concentration; – CO2 concentration.  

An image is preformed on the radar chart, which corresponds to the permissible 

(maximum permissible) value. The permissible values are selected depending on the 

design and service life of the equipment mentioned above. All gases received from the 

DGA are then displayed on the corresponding axises of the diagram. The resulting 

image of the defective state of the equipment has to be compared with some set of 

reference images. In order to obtain them, numerous cases of DGA results and 

subsequent disassembly facts of 35–500 kV transformers were analysed. After 

examining the collected material, 14 types of reference diagrams reflecting defects of 

electrical and thermal nature of different manifestation strengths were compiled 
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(Fig. 1.20). 
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Figure 1.20 – Radar charts for different defect types based on DGA results:  

а – low energy PD, ageing; b – high energy PD; c – high energy PD and low temperature 

heating; d – thermal insulation breakdown; e – PD and low temperature heating (Х-wax); f – 

low energy PD and high temperature heating; g – ionisation insulation breakdown; h – high 

energy PD and high temperature heating; k – high energy discharge (arc); l – high temperature 

heating, ageing of insulating materials; m – high energy discharges and high temperature 

heating; n – high temperature heating due to ferroresonance 

The method develops a special procedure for comparing the resulting defect 

image with reference images, which involves scaling the resulting image, calculating 

measures of proximity and relatedness, and determining the danger coefficient and 

other characteristics. A special computer software is proposed for this purpose.  
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1.5.15. International experience in interpreting DGA results 

The application of methods for interpreting DGA results in transformers varies 

considerably from country to country by different firms [16]. 

Thus, ABB has adopted the Dörnenburg methodology, which uses three basic 

IEC gas ratios with a set of four defect types (thermal, low and high energy partial 

discharges, high energy discharges), with a simple graphical interpretation. 

Recommended gas concentration limits for transformers without defects regardless of 

the time of operation. 

Spain has adopted the ASINEL system using seven numerical codes assigned to six 

gas ratios and hydrogen concentrations and the sum of hydrocarbons C1 and C2. Three 

codes correspond to IEC 60599 codes and have the same values, one gas ratio corresponds 

to the Rogers code and another, CO2/CO, is adopted to assess the degradation of paper 

insulation. A C2H2/H2 ratio is also used to assess the location of the defect. If the ratio value 

is greater than 2, there is a defect in the OLTC unit, if lower – the defect is in the main tank 

of the transformer. 

In Canada, diagnosis is made using Duval triangles. The criteria for gas 

concentrations for normal, acceptable and hazardous condition differ significantly for a 

variety of gases and different voltages and service life of transformers in particular. In 

order to obtain a confident diagnosis, the DGA data are entered into an expert system 

for evaluating the condition of transformers. 

The system of LABELEC (Portugal) is also based on gas ratios according to IEC 

60599 and on CO2/CO and C2H2/H2 ratios, but first of all the absolute gas concentrations 

are evaluated and, if at least one of the gases exceeds the threshold value, five gas ratios 

are calculated. In addition, the Schliesinger method is used to confirm the presence of 

more than one type of defect at a time. The Schliesinger method combines gas ratios 

with concentration levels. The combination is expressed by the code numbers used to 

interpret the DGA results. Five gas ratios are used: C2H2/H2, C2H2/C2H6, H2/C2H6, 

C2H4/C2H6, CO2/CO Depending on the ratio values, they are assigned code numbers. 
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Then code numbers are found for concentration levels of C2H2, H2, sum of CxHy and sum 

of CO2 and CO. Concentration levels (from-to) are set for these gases. Depending on the 

concentration, a code number is assigned according to the table. Combinations of code 

numbers are summarised in a diagnostic table. The methodology is capable of detecting 

more than one type of defect. 

RWE Energie (Germany) has adopted a system using five gas ratios and four 

concentration limits. Depending on the value of the ratios, the materiality of the defect 

is determined and compared with the concentration of the gases. If both the ratio and 

the concentrations of the key gases are significant, this is considered an indication of 

significant insulation degradation. The system distinguishes between five types of 

defects. A similar system (by KEMA Transformer) is adopted in the Netherlands. 

In Belgium a system using the «Laborelec codes» table is used. The codes 

represent the concentrations of the gases H2, C2H2, CO and the sum of the hydrocarbons 

C1 and C2. In addition, the CH4/H2 ratio is taken into account. The system has nine 

defect definitions, varying in their degree of importance. Depending on the 

concentration and ratios of the gases, 27 different types of diagnosis are listed, 

designated by codes. The normal state corresponds to hydrogen concentrations up to 

200 ppm, the sum of hydrocarbons C1 and C2 up to 300 ppm and CO up to 800 ppm. 

France has adopted the LCIE laboratory system based on a comparison of gas 

concentrations with the norm for the different types of transformers (according to their 

manufacturers, installation location, age, voltage and presence of OLTC). If the 

concentrations are out of the norm, the gas ratios are determined in order to determine 

the type of defect. The rate of increase in gas concentration is also taken into account.  

National Grid (UK) has traditionally used the Rogers ratio method. The 

C2H6/СH4 gas ratio, excluded from IEC 60599, is considered effective in detecting 

temperature rise compared to operating temperature. The method also takes account of 

the increase in the release of gases over time and compares the concentration of gases 

with the allowable level. The method continues to be improved. 

Siemens Trafo Union (Germany) uses gas concentrations and ratios of 
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characteristic gases as criteria. Concentrations are determined for acetylene, hydrogen, 

the sum of hydrocarbons C1 and C2, for propylene, propane and propyne, and for the 

sum of CO and CO2. 

In Poland the concentrations of gases, ratios of characteristic gases are also used 

as criteria, and the rate of increase in gas content of the oil is taken into account.  

In Switzerland, ABB-Secheron and the power companies have been using gas 

chromatography analysis of oil for more than 40 years, although the results are not 

considered a direct measure of the danger, scope and location of the defect, but are the 

reason for a detailed inspection of the transformer at the installation site. If the gas 

emission increases, the transformer is taken back to the factory for testing or replaced. 

1.6. A brief analysis of current international experience in interpreting 

DGA results 

The results of comparative analysis of reliability of defect type recognition of 

high-voltage oil-filled equipment given in [48, 49] show that the use of criteria and 

rules, which are regulated by the most known standards and methods, does not always 

allow to establish a correct diagnosis. For this reason, improvements to the DGA 

method are still underway. 

Quite a number of studies are devoted to the issues of determining the maximum 

permissible or limit values of gas concentrations. Thus, in [50–52] the limit values of 

gas concentrations are proposed to be determined based on the analysis of cumulative 

distribution functions, but the limit level is determined taking into account the level of 

failure flow for this type of equipment. It is also proposed there to regulate two levels 

of concentration values - permissible and maximum permissible. The permissible and 

maximum permissible values of gas concentrations in [50] were determined taking into 

account such factors as oil protection type, oil grade, transformer service life and 

OLTC type.  

In [53–57], to detect defects in power transformers, an approach based on 

statistical recognition methods is proposed. The results of chromatographic analysis of 

dissolved gases in oil are presented as an additive mixture «noise+defect» and the 
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diagnostic problem is reduced to the identification of the defect in this mixture by the 

statistical characteristics of the noise. The problem of defect detection [53, 56] is 

reduced to testing the simple hypothesis H0 that the set of diagnostic parameters of 

gases measured during DGA belongs to a noise distribution with mathematical 

expectation M0, dispersion 2 and correlation function K(t). An alternative hypothesis 

H1 is that the set belongs to a distribution with an exactly known (deterministic) 

mathematical expectation M1 and number varying according to the law of the defect 

with number i, and the same dispersion and correlation function. In [57] the procedure 

for building a rule for testing hypothesis H0 using the Neumann-Pearson criterion is 

given. 

Studies in [58, 59] have shown that the values of gas concentrations in 

serviceable and defective transformers can be described by a Weibull distribution. 

Based on the results obtained in [60–63] a minimum risk method was proposed to 

determine the limit values of gas concentrations. 

Another approach for the early detection of defects in high voltage oil-filled 

equipment is to analyse the dynamics of changes in the criteria used to interpret DGA 

results over time. The results of the studies given in [64, 65] show that there are 

significant differences in the nature of changes over time in the diagnostic criteria used 

to interpret DGA results. In particular, it was found [64] that in the absence of a defect 

in high-voltage power transformers of non-sealed design, the dependences of gas 

concentrations, gas rise rates and gas ratios on operating time are of a random stochastic 

nature. The graphical images generated by the DGA results of defect-free equipment 

also change randomly. The random nature of changes in time of the diagnostic criteria 

used to interpret the DGA results in normally functioning transformers is due to both 

the processes of diffusion of gases from the oil into the atmosphere and the peculiarities 

of gas formation in the presence of free oxygen. In case of emergency influences from 

the network, a short-term predominance of the systematic component over the random 

component is observed in the dependences of gas concentrations and their rise rates on 

the operating time. In this case the values of gas pair ratios are temporarily stabilized 
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in the area characteristic of the given level of energy impact, which is a consequence 

of the given emergency mode. There is also a short-term stabilization of graphical 

defect images, in which the obtained images coincide with the defect images 

characteristic of the given level of energy impact. At the same time [65], the 

development of the defect in power transformers is characterized by: 

 the emergence of a significant systematic component in the dependence of gas 

concentrations on operating time; 

 the emergence of a significant systematic component in the dependence of 

integral values of gas rise rates on operating time;  

 the similarity of the graphical images based on DGA results for relatively 

slowly developing defects and the stable correspondence of the graphical images to 

defects of different types for rapidly developing defects.  

In other words, those criteria used for defect recognition have a non-stationary 

nature of dependence on the operating time. At the same time, the values of the criteria 

used to recognise the type of defect are stabilised in the area strictly characteristic of 

this type of defect. In this case, the identified changes in the character of time 

dependences of the specified diagnostic indicators take place even before the moment 

when the concentration of at least one of the gases exceeds the limit values, that is, 

there is a possibility of early detection of defects both at periodic and at continuous 

control of gas content [66–69]. In addition, by analysing the nature of the dependence 

of the criteria used to interpret the DGA results on the operating time, it is possible to 

recognise the causes of an increase in gas concentrations caused by the impact of 

emergency modes of operation of electrical networks [70]. 

Numerous studies have been carried out in order to improve the reliability of 

defect type recognition based on DGA results. The analysis shows that the main 

emphasis in solving this problem is on the use of more advanced mathematical 

apparatus. In particular, a significant volume of publications [71–80] is devoted to the 

use of neural networks for defect type recognition. It should be noted that in most works 

[71–75], the values of gas ratios regulated in [20] were used as input data for defect 
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type recognition. In [76], the input data for the neural network was both the ratios from 

[20] and the gas ratios regulated in [23], while in [77] only the ratios regulated in [23] 

were used. In [78], the percentages of hydrocarbon gases and hydrogen were used as 

input data, while in [79, 80] the values of gas concentrations were used. 

The use of fuzzy logic [81–92] is another area of improvement for defect type 

recognition predicted by DGA results. In most works, only the values of gas ratios 

regulated by standards are used for defect type recognition [19–23]. 

In [93–96] a relevance vector machine (RVM) was used to diagnose the 

condition of oil-filled equipment. In [93–95], the type of defect was determined based 

on the analysis of concentrations of hydrocarbon gases and hydrogen, while in [95] the 

coordinates of graphic images were used for defect recognition.  

In [97], defect type recognition is proposed using association rules, but it uses 

ratios from [20] for recognition. In [98], an expert system is developed for defect type 

recognition, but it also uses the value of gas ratios regulated in [22, 23]. In [99], a 

hybrid recognition method using the Key Gas method and gas ratios from the standards 

[20, 21, 23] has been proposed. In [100], a Petri net has been developed for defect type 

recognition. In [101, 102], a Bayesian approach is used to interpret the DGA results, 

whereby [101] develops a Bayesian network that uses the value of the gas ratios 

regulated by the Dörnenburg and Rogers ratios, as well as the Duval Triangle. In [102] 

the Bayesian approach is used to correct the boundaries of the defect zones in the Duval 

Triangle. The Low Energy Degradation Triangle (LEDT) is proposed in [103] for low-

energy defect recognition, which uses hydrogen, methane and carbon monoxide 

percentage values to diagnose the equipment condition. 

In [104], all known techniques for interpreting DGA results combined into an 

expert system, using gene expression programming (GEP), have been proposed for 

more reliable recognition of defect type. This method is also used in [105]. In [106], a 

hybrid method combining RVM and adaptive neural fuzzy inference system (ANFIS) 

is developed to interpret DGA results. In [107], a hybrid support vector machine 

(SVM) with a modified evolutionary particle swarm optimization (EPSO) algorithm is 
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proposed. SVM using gas ratios proposed in [108]. In [109], a diagnostic system using 

a fault interpretation matrix (FIM) based on DGA is proposed. Rogers Ratios, 

IEC 60599 and Duval Triangle are used for this purpose. In [110], a self-adaptive 

evolutionary extreme learning machine (SaE-ELM) algorithm is used to improve the 

diagnostic accuracy of the power transformer DGA method based on the combined use 

of multi-classification algorithm. In [111], a new transformer fault diagnosis method 

based on deep belief networks (DBN) is presented to improve the recognition accuracy. 

In [112] an approach based on the mapping of the Duval Triangle into a Bayesian 

network is proposed. According to the authors, it eliminates the uncertainty that exists 

when making decisions about the nature of faults caused by gases that enter the 

transformer and faults that simultaneously lead to an increase in the gas percentage. In 

[113], an algorithm based on an integrated model, which is a fusion of the Duval 

Triangle and the gas ratios recommended by the standard [20], is proposed. It uses the 

conventional Duval Triangle rules to detect dominant faults and the IEC 60599 

methodology rules to detect recognition rejections and boundary faults. In [114] a new 

graphical technique «Heptagon» based on seven gases generated by the decomposition 

of defective transformer oil is presented. Based on about 452 transformer oil DGA test 

samples, a «Heptagon» pattern is constructed and the zones of different damage types 

are identified. The proposed technique has been tested and compared with other 

methods. 

It should be noted that the above analysis covers a relatively small volume of 

published research. This indicates that the methods for interpreting DGA results are 

still being refined. 

1.7. Control questions 

1) What are the physical processes underlying the use of the DGA method to 

diagnose the condition of oil-filled equipment? 

2) What is the basis for diagnosing oil-filled equipment using the DGA method? 

3) What gases are determined by the DGA results? 

4) Describe the sequence of the procedure for interpreting DGA results, starting 
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with the determination of gas concentrations on the chromatograph. 

5) State the mechanisms of CO and CO2 formation in the oil. 

6) Explain the difference in gas content in oil for sealed and non-sealed 

transformers. 

7) Is there an influence of the operating conditions on the gas content of the oil? 

Explain your answer. 

8) Does the transformer cooling system affect the gas content in the oil? Explain 

your answer. 

9) Does the presence of OLTC in the transformer affect the gas content in the 

oil? Explain your answer. 

10) State the factors that lead to both increases and decreases in the 

concentration of gases in serviceable equipment and explain their effect on the gas 

content of the oil. 

11) If the gas formation process is considered solely in terms of the energy 

required to break the hydrocarbon bonds, which gas content indicates the maximum 

risk of a defect? 

12) During the operation of a 330 kV sealed autotransformer, a leakage 

occurs. The autotransformer has been in this condition for a long time. Do you think 

the gas content of the oil in this autotransformer will change? If so, what type of defect 

might it correspond to? 

13) The DGA results of the power transformer showed an acetylene content 

in the oil sample that exceeds the recognition threshold of this gas by the 

chromatograph. The concentrations of the other gases correspond to the normal 

operating condition of the transformers. What additional information do you need to 

make a decision? What are the possible reasons for this gas content? 

14) The DGA results of a non-sealed transformer show an equal content of 

hydrogen and ethane in the oil sample. Given the solubility factor of hydrogen in oil is 

0.05 and the solubility factor of ethane is 2.4, can it be concluded that these two gases 

are formed with equal intensity? If not, which gas is emitted with greater intensity? 
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Estimate the difference in the intensity of formation of these two gases. 

15) What do you think determines the hazard level of a defect? 

16) Which defects in high voltage oil-filled equipment have hydrogen as the 

gas with the maximum content? 

17) Which defects in high voltage oil-filled equipment have methane as the 

gas with the maximum content? 

18) Which defects in high voltage oil-filled equipment have Ethane as the gas 

with the maximum content? 

19) Which defects in high voltage oil-filled equipment have ethylene as the 

gas with the maximum content? 

20) Which defects in high voltage oil-filled equipment have acetylene as the 

gas with the maximum content? 

21) Describe briefly the defects in power transformers that can be detected by 

the DGA method. 

22) Describe briefly the defects in shunt reactors that can be detected by the 

DGA method. 

23) The DGA results of a 110 kV transformer with OLTC obtained gas content 

corresponding to spark discharges or high energy density discharges. What other 

possible damage could occur? What gas ratio should be used to recognise it? 

24) In a 400 MVA, 330 kV transformer, the following gas contents were 

obtained in a regular scheduled analysis: the main gas was ethylene, the characteristic 

gases high concentration acetylene and methane, the characteristic gas low 

concentration ethane and hydrogen. This suggested the presence of high-temperature 

heating with temperatures above 700 °C. Sampling performed after 6 days showed a 

slight decrease in gas concentrations, but no qualitative change in gas content. Factors 

causing the decrease in gas concentrations were not present in this case. What is the 

possible reason for the decrease in gas concentrations? 

25) State the causes and explain the formation mechanisms leading to 

combined defects. 
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26) In your opinion, which defects identified by DGA results are most 

dangerous for oil-filled equipment? Why? 

27) Use the suggested qualitative composition of gases to determine the type 

of defect to be predicted. For example, hydrogen is the gas with the highest content, 

methane is the second highest gas content. Ethane and ethylene content is insignificant, 

acetylene is absent. 

28) What criteria are used to recognise the type of defect in oil-filled 

equipment based on DGA results? 

29) List the techniques that allow the diagnosis of OLTC-equipped 

transformers and explain the differences between these techniques. 

30) Why do you think so many Duval triangles were developed? 

31) State the advantages of using the Key Gas method. 

32) Compare the Key Gas, the Nomogram and the Logarithmic Nomograph 

methods and explain which one is better, assuming that these techniques can recognise 

the same set of defects. 

33) State the disadvantages of using the Radar charts method. 

34) In your opinion, which defects are difficult to identify using the gas ratios 

in the standards and methods familiar to you? Explain the reason. 

35) State the advantages and disadvantages of recognising large and small 

numbers of defects.  

36) Compare the criteria used in different diagnostic methods and name the 

best one in your opinion. Explain why. 

37) Based on an analysis of the methods described, propose your own 

diagnostic method and explain which criteria you use and why. 

38) In 2018, a graphical method «Heptagon» has been proposed. It is based 

on 7 gases produced by the decomposition of defective transformer oil. State the 

disadvantages of this technique compared to other graphical methods, in particular the 

combined Duval Pentagon, the Radar charts and the Key Gas methods. 

39) Can the maximum ethylene content in equipment oil samples 
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unequivocally indicate the presence of overheating above 700 °C? What gas ratio 

should be used to confirm the presence of this defect? 

40) Which criterion do you think is most suitable for use with more advanced 

mathematical tools (such as ANFIS, RVM, SVM and GEP)? 

41) What feature of neural networks do you think is a significant limitation 

when using them to recognise defect type from DGA results? 

42) What do you think is the advantage of using fuzzy logic to recognise 

defect type based on DGA results? 
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2. THE CONTENT OF THE COMPUTATIONAL TASK 

The aim of the computational and graphical task is to compare the reliability of 

defect type recognition of power transformers using the criteria and norms regulated 

by known standards and methods.  

In section 5, choose your task variant corresponding to the number in the group 

list. The input data are values of gas concentrations obtained from actually working 

high-voltage power transformers with different types of defects. The task is carried out 

in the following sequence: 

1) Determine the ratio values used in the known standards for defect type 

recognition. Enter the results of the calculation in Table 2.1. 

2) Using the obtained values of the gas ratios, determine the type of defect for 

the 15 transformers analysed using: 

a) Ukrainian standard SOU-N EE 46.501:2006 and the diagnostic scheme 

shown in Table 1.1; 

b) IEC 60599 standard and the diagnostic scheme shown in Table 1.2; 

c) Dörnenburg Ratios method and the diagnostic scheme shown in Table 1.3; 

d) Rogers Ratios and the diagnostic scheme shown in Table 1.4 and 1.5; 

e) MSS method and the diagnostic scheme shown in Table 1.6; 

f) Russian standard RD 153-34.0-46.302-00 and the diagnostic scheme 

shown in Table 1.7; 

g) two representations of gas ratios based on IEC standard and the diagnostic 

scheme shown in Fig. 1.8; 

h) ETRA square and the diagnostic scheme shown in Fig. 1.14. 

3) Using the gas concentration values, determine the type of defect for the 15 

transformers analysed using: 

a) Duval Triangle. The «Duval» software can be used to make a diagnosis 

using this technique. See Annex 1 for a detailed description of how to use this software. 

b) Key Gas method. To do this, use the formula below to calculate the 

percentage content of each of the gases. Then plot the gas percentages in the diagrams 
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and compare the plotted diagrams with those in Fig. 1.15. Based on the visual 

comparison, determine the type of defect. 


 i

i
AA 100% ,

 

where Ai% is the percentage content of the gas in question; Ai is the concentration value 

of the gas in question;  is the sum of the concentrations of hydrocarbon gases and 

hydrogen in the oil sample. 

4) Draw graphical images (nomograms) of the defects for the 15 transformers 

to be analysed. Use the algorithm in 1.5.12 to do this. Compare the images with the 

reference images (see Fig. 1.16) and establish a diagnosis. 

5) Summarise the results and complete Table 2.2.  

The following abbreviations should be used when completing Table 2.2: 

 «PD» = partial discharge (including those with different energy densities);  

 «D1» = discharges with low energy density;  

 «D2» = discharges with high energy density; 

 «D3» = spark and/or creeping discharge;  

 «Т1» = overheating with a temperature below 300 °С;  

 «Т2» = overheating in the temperature range 300–700 °С;  

 «Т3» = overheating with a temperature above 700 °С; 

 NF = normal; 

 To designate combined defects, use abbreviations corresponding to a given 

combination of electrical and thermal defects, separated by a «+» symbol. For example 

«T3+D2» – overheating with a temperature above 700 °C, which is accompanied by 

discharges with high energy density. If the diagnosis is «Discharge and Thermal» the 

abbreviation «DT» is used. 

 If the type of defect cannot be identified exactly, for example, the 

methodology identifies the defect as thermal (or overheating) or discharges, then just 

indicate the nature of the defect. Use the abbreviation «T» for thermal defects and «D» 

for discharges. 
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 If the values of gas ratios obtained because of the calculation do not 

correspond to the values of gas ratios regulated in the analysed standard for any of the 

possible defect types, a decision shall be taken not to recognise. In such a case use the 

abbreviation «ND» (not defined) in the table. A similar decision shall be taken if: 

a) the percentage of gases differs significantly from the values specified in 

the Key Gas method; 

b) the constructed defect nomogram differs significantly from the reference; 

c) the use of a particular graphical diagnostic method did not allow a 

diagnosis to be made (the points reflecting the condition of the object did not fall into 

any of the defect areas). 

6) Analyse the data in Table 2.2 and for each of the transformers analysed, make 

the correct diagnosis in your opinion. Record the results in Table 2.3. 

7) Carry out a comparative analysis of the reliability of defect type recognition 

using the 11 standards and methods analysed by completing Table 2.4. To do this, 

calculate the probability of: 

a) correct diagnosis (type of defect and its energy parameters, for example 

discharge energy density or superheat temperature, are the same). To calculate, use the 

formula: 

N
NP с

с 100 ,
 

where Рc is the probability of making a correct diagnosis using a given standard or 

method; Nc is the number of transformers for which the correct diagnosis has been 

established; N is the number of transformers to be analysed. 

b) partially correct diagnosis (the type of defect matches, but its energy 

parameters, namely the discharge energy density or overheating temperature, do not 

match). To calculate, use the formula: 

N
N

P pc
pc 100 ,

 
where Рpc is the probability of making a partially correct diagnosis using a given 

standard or method; Npc is the number of transformers for which the partially correct 
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diagnosis has been established; N is the number of transformers to be analysed. 

c) misdiagnosis (neither the type of defect nor its energy parameters, namely 

the discharge energy density or the superheat temperature, are the same). To calculate, 

use the formula: 

N
NP m

m 100 ,
 

where Рm is the probability of making a misdiagnosis using a given standard or method; 

Nm is the number of transformers for which the misdiagnosis has been established; N 

is the number of transformers to be analysed. 

d) recognition failure (defect type not defined). To calculate, use the formula: 

N
NP rf

rf 100 , 

where Рrf is the probability of recognition failure using a given standard or method; Nm 

is the number of transformers for which the recognition failure has been established; N 

is the number of transformers to be analysed. 

8) Analyse the results shown in Table 2.4. Identify the standard or methodology 

that provides maximum and minimum recognition reliability. Analyse the reasons for 

misdiagnoses and recognition failures. Formulate proposals to improve the reliability 

of these methods.  

9) Draw up a report on the completion of the task. 

Table 2.1 – Gas ratio values for diagnosed transformers 

N
o.

 Gas ratio values 
CH4 

H2 
_H2_ 
CH4 

C2H6 
CH4 

C2H4 
C2H6 

C2H2 
CH4 

C2H2 
C2H6 

C2H6 
C2H2 

C2H2 
C2H4 

1         
2         
…         
13         
14         
15         
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Table 2.2 – Summary table of diagnoses 

Standard (method) 
Transformer to be diagnosed 

1 2 3  14 15 
SOU-N ЕЕ 46.501:2006 (Ukraine)       
IEC 60599 standard       
Dörnenburg Ratios method       
Rogers Ratios method       
MSS method       
RD 153-34.0-46.302-00 (Russia)       
Duval Triangle 1       
Two representations of gas ratios 
based on IEC 60599 standard       

ETRA square       
Key Gas method       
Nomogram method       

Table 2.3 – Diagnostic results for the transformers being analysed 

No. The type of defect to be predicted 
1  
2  
…  
14  
15  

Table 2.4 – Results of a comparative analysis of the reliability of defect type 

recognition using known standards and methods 

Standard (method) Probability values of making a diagnosis, % 
Рc Рpc Рm Рrf 

SOU-N ЕЕ 46.501:2006 
(Ukraine)     

IEC 60599 standard     
Dörnenburg Ratios method     
Rogers Ratios method     
MSS method     
RD 153-34.0-46.302-00 
(Russia)     

Duval Triangle     
Two representations of gas 
ratios based on IEC 60599 
standard 

    

ETRA square     
Key Gas method     
Nomogram method     
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3. THE CONTENT OF REPORT ON THE COMPLETION OF THE 

COMPUTATIONAL TASK 

The report on the individual computational task should consist: 

 Title page; 

 Introduction; 

 Main part; 

 Conclusion; 

The introduction should briefly outline the relevance and practical significance 

of the work to be carried out. 

In the main body, the following should be provided:  

 input data table; 

 table with gas ratio values (see Table 2.1); 

 summary table of diagnoses (see Table 2.2). Give a brief explanation to the 

table, answering the question «Why was this diagnosis made using a particular standard 

or method?»; 

 figures with the results of transformer diagnostics using graphic recognition 

methods (Duval Triangle, two representations of gas ratios based on IEC 60599 

standard, ETRA square, Key Gas and Nomogram methods). Provide the results of a 

comparative analysis of the diagnoses made using the Duval Triangle, two 

representations of gas ratios based on IEC 60599 standard and the ETRA square. 

Explain the reasons for possible differences; 

 table with the correct diagnoses from your point of view (see Table 2.3) and 

give a brief explanation of your decision; 

 table with the results of a comparative analysis of the reliability of defect type 

recognition using known standards and methods (see Table 2.4). Provide a brief 

analysis of the reasons for misdiagnoses and recognition failure for particular standards 

and methods.  

 conclusions with the main results of the work carried out and 

recommendations for improving the methods of interpreting DGA results formed. 
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4. EXAMPLE OF THE EXECUTION OF THE COMPUTATIONAL TASK 

The following is an example of execution of the computational task with the 

order and numbering of the tables and figures, as they should be in the report. 

Table 1 – Input data 

No. H2 СН4 С2Н6 С2Н4 С2Н2 
1 0.195 0.0123 0.0038 0.0002 0.0002 
2 0.001357 0.000699 0 0.001087 0.000372 
3 0.224 0.056 0.038 0.045 0.094 
4 0.4634 0.2852 0.0831 0.2589 0.3728 
5 0.0127 0.0107 0.0011 0.0154 0.0224 
6 0.00363 0.016638 0.065567 0.013443 0.000061 
7 0 0.02 0.018 0.009 0 
8 0.0258 0.037 0.032 0.037 0.001 
9 0.4304 0.6135 0.4508 2.4999 0.0002 

10 0.0056 0.00055 0.0092 0.00345 0.00275 
11 0.0095 0.1076 0.0004 0.0071 0.0231 
12 0.093 0.0404 0.0123 0.1037 0.00035 
13 0.0626 0.0046 0.0054 0.0031 0.0004 
14 0.0114 0.0051 0.0056 0.0034 0.0128 
15 0.0154 0.0328 0.0401 0.0978 0.0008 

Table 2 – Gas ratio values for diagnosed transformers 

N
o.

 Gas ratio values 
CH4 
H2 

_H2_ 
CH4 

C2H6 
CH4 

C2H4 
C2H6 

C2H2 
CH4 

C2H2 
C2H6 

C2H6 
C2H2 

C2H2 
C2H4 

1 0.0631 15.8537 0.3089 0.0526 0.0163 0.0526 19 1 
2 0.5151 1.9413 0 — 0.5322 — 0 0.3422 
3 0.25 4 0.6786 1.1842 1.6786 2.4737 0.4043 2.0889 
4 0.6155 1.6248 0.2914 3.1155 1.3072 4.4862 0.2229 1.4399 
5 0.8425 1.1869 0.1028 14 2.0935 20.3636 0.0491 1.4545 
6 4.5835 0.2182 3.9408 0.2050 0.0037 0.0009 1074.8689 0.0045 
7 — 0 0.9 0.5 0 0 — 0 
8 1.4341 0.6973 0.8649 1.1563 0.0270 0.0313 32 0.0270 
9 1.4254 0.7015 0.7348 5.5455 0.0003 0.0004 2254 0.0001 
10 0.0982 10.1818 16.7273 0.375 5 0.2989 3.3455 0.7971 
11 11.3263 0.0883 0.0037 17.75 0.2147 57.75 0.0173 3.2535 
12 0.4344 2.3020 0.3045 8.4309 0.0087 0.0285 35.1429 0.0034 
13 0.0735 13.6087 1.1739 0.5741 0.0870 0.0741 13.5 0.1290 
14 0.4474 2.2353 1.0980 0.6071 2.5098 2.2857 0.4375 3.7647 
15 2.1299 0.4695 1.2226 2.4389 0.0244 0.0200 50.125 0.0082 
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Analysing the results shown in Table 2, it can be seen that by using... the 

diagnosis of «...» was made. This is due to the fact that.... 

 
Figure 1 – Results of transformer diagnostics using the Duval Triangle 
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Figure 2 – Results of transformer diagnostics using two representations of gas ratios 

based on IEC 60599 standard 

 
Figure 3 – Results of transformer diagnostics using the ETRA square 
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Figure 4 – Results of transformer diagnostics using the Key Gas method 
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Figure 5 – Results of transformer diagnostics using the Nomogram method 

Comparing the results of the diagnoses with the Duval Triangle, 2 

representations of gas ratios based on IEC 60599 standard and the ETRA square, it can 

be seen that... 
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Table 4 – Diagnostic results for the transformers being analysed 

No. The type of defect to be predicted 
1 Partial discharges 
2 Spark and/or creeping discharges 
3 Discharges with low energy density 
4 Discharges with high energy density 
5 Discharges with high energy density 
6 Overheating with a temperature below 300 °C 
7 Overheating with a temperature below 300 °C 
8 Overheating in the temperature range 300–700 °C 
9 Overheating with a temperature above 700 °C 

10 Overheating with a temperature below 300 °C + Spark and/or creeping 
discharges 

11 Overheating with a temperature below 300 °C + Discharges with high 
energy density 

12 Spark and/or creeping discharges 
13 Partial discharges + Overheating with a temperature below 300 °C 

14 Discharges with low energy density + Overheating with a temperature 
below 300 °C 

15 Overheating in the temperature range 300–700 °C 

After analysing the results of the diagnoses using the different standards and 

methods shown in Table 2, I have decided on the correct diagnoses shown in Table 4. 

The reason for this choice was... 
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Table 5 – Results of a comparative analysis of the reliability of defect type 

recognition using known standards and methods 

Standard (method) Probability values of making a diagnosis, % 
Рc Рpc Рm Рrf 

SOU-N ЕЕ 46.501:2006 
(Ukraine) 66.7 0 0 33.3 

IEC 60599 standard 60 0 0 40 
Dörnenburg Ratios method 6.7 53.3 0 40 
Rogers Ratios method 26.7 26.7 13.3 33.3 
MSS method 26.7 6.7 0 66.7 
RD 153-34.0-46.302-00 
(Russia) 53.3 6.7 13.3 26.7 

Duval Triangle 1 26.7 40 33.3 0 
Two representations of gas 
ratios based on IEC 60599 
standard 

46.7 0 0 53.3 

ETRA square 26.7 26.7 26.7 20 
Key Gas method 13.3 33.3 0 53.3 
Nomogram method 26.7 20 6.7 46.6 

Analysis of the results shows that the maximum recognition reliability is 

achieved using the SOU-N EE 46.501:2006, IEC 60599 and RD 153-34.0-46.302-00. 

The Dörnenburg Ratios and the Key Gas methods have the lowest reliability. The 

highest number of misdiagnoses was obtained using the Duval Triangle and the ETRA 

square. The reason for this was ... The recognition failure of the two representations of 

gas ratios based on IEC 60599 standard, MSS and the Key Gas methods is due to... 

Conclusions 
The following results were obtained during the execution of computational and 

graphical task: 

 … 

 … 

By analysing the results obtained, the following recommendations for improving 

the methods of interpreting DGA results can be formed: 

 … 

 … 
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5. VARIANTS FOR COMPLETING THE COMPUTATIONAL TASK 

 

Variant No. 1 

No. H2 СН4 С2Н6 С2Н4 С2Н2 
1 0.098 0.0073 0.0058 0.00012 0.00001 
2 0.01388 0.00522 0.00068 0.00628 0.00096 
3 0.448 0.056 0.038 0.0403 0.0896 
4 0.0068 0.0008 0.0003 0.0008 0.0011 
5 0.0531 0.0117 0.0027 0.0132 0.0848 
6 0.0035 0.0077 0.0089 0.006 0.00005 
7 0.003 0.05 0.009 0.0006 0 
8 0.1487 0.9906 0.0745 0.1008 0.00965 
9 0.0014 0.0023 0.0007 0.003 0.0002 

10 0.095 0.002 0.00011 0.00011 0 
11 0.0116 0.0104 0.0036 0.0051 0 
12 0.0034 0.0039 0.0016 0.004 0.0009 
13 0.0021 0.0019 0.0083 0.0255 0.003 
14 0.0057 0.0058 0.0074 0.0029 0.0031 
15 0.0222 0.0262 0.0027 0.0168 0.041 

 

Variant No. 2 

No. H2 СН4 С2Н6 С2Н4 С2Н2 
1 0.0601 0.0047 0.0007 0.0002 0 
2 0.4853 0.3831 0.1622 0.2929 0.1618 
3 0.006845 0.001218 0.00047 0.00066 0.002563 
4 0.0059 0.00104 0.0004 0.001 0.00127 
5 0.0043 0.0008 0.0002 0.0011 0.0061 
6 0.0069 0.0089 0.0106 0.0014 0.00006 
7 0.003 0.08 0.017 0.001 0 
8 0.0029 0.0123 0.0005 0.0012 0.0001 
9 0.005454 0.007193 0.000972 0.009737 0.000658 
10 0.004000 0.006500 0.008700 0.001200 0.000001 
11 0.1053 0.0507 0.0297 0.144 0.0017 
12 0.0012 0.0106 0.0149 0.019 0.00005 
13 0.0012 0.0009 0.0003 0.0007 0 
14 0.1578 0.0758 0.3005 0.0001 0 
15 0.0034 0.0039 0.0009 0.004 0.0009 
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Variant No. 3 

No. H2 СН4 С2Н6 С2Н4 С2Н2 
1 0.079 0.003 0.0005 0.0001 0.0006 
2 0.763 0.095 0.033 0.421 0.3393 
3 0.076200 0.0093 0.003800 0.005400 0.012600 
4 0.067800 0.007 0.003100 0.008900 0.023700 
5 0.0014 0.0002 0.0001 0.0002 0.0017 
6 0.11 0.16 0.201 0.0221 0.0026 
7 0.00087 0.0271 0.0066 0.00012 0 
8 0.0013 0.0017 0.00042 0.00047 0.00003 
9 0.0236 0.0334 0.0095 0.049 0.0018 

10 0.0176 0.0206 0.00477 0.00757 0.00687 
11 0.6191 0.0051 0.0015 0.0079 0 
12 0.0127 0.0234 0.00417 0.0034 0.00373 
13 6.0646 12.025 15.713 0.6513 0.001383 
14 0.00009 0.0009 0.0012 0.0014 0.00009 
15 0.0003 0.0028 0.0038 0.0048 0.00001 

 

Variant No. 4 

No. H2 СН4 С2Н6 С2Н4 С2Н2 
1 0.0166 0.001 0.0003 0.0001 0.0001 
2 0.03719 0.02665 0.00432 0.02857 0.0121 
3 0.083 0.0124 0.0033 0.0042 0.0138 
4 0.003476 0.000552 0.000209 0.000497 0.001036 
5 0.0179 0.0034 0.0007 0.0032 0.0225 
6 0.018 0.018 0.0312 0.0074 0.0003 
7 0.003 0.07 0.016 0.0009 0 
8 0.02941 0.03922 0.01372 0.01375 0.0001 
9 0.0101 0.0184 0.0032 0.0243 0.001 

10 0.009098833 0.009947714 0.04736842 0.03148712 0.09219568 
11 0.0003 0.0003 0.004 0.0037 0.0085 
12 0.006 0.0001 0.00001 0.01 0 
13 0.175 0.212226 0.2894737 0.2551358 0.2831102 
14 0.0107 0.0127 0.0011 0.0154 0.0224 
15 0.1334845 0.1571429 0.2894737 0.2322356 0.2668248 
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Variant No. 5 

No. H2 СН4 С2Н6 С2Н4 С2Н2 
1 0.2152 0.0169 0.0056 0.0026 0.000001 
2 0.008 0.0013 0.0004 0.0025 0.0002 
3 0.0057 0.0029 0.0013 0.0014 0.0015 
4 0.008717 0.001726 0.000394 0.001287 0.003281 
5 0.0285 0.0045 0.001 0.0049 0.0298 
6 0.0164 0.0244 0.0497 0.0103 0.0008 
7 0.00081 0.0225 0.0055 0.00009 0 
8 0.005 0.0079 0.003 0.0036 0.0002 
9 0.012045 0.021091 0.00357 0.028539 0.001586 

10 0.007 0.0026 0.0018 0.0118 0.00129 
11 0.0104 0.011 0.001 0.0086 0.0131 
12 0.4 0.096 0.129 0.156 0.0006 
13 0.0038 0.0041 0.0003 0.0045 0.0058 
14 1.1121 0.0039 0.001 0.0044 0 
15 0.0091 0.0098 0.0018 0.0072 0.0154 

 

Variant No. 6 

No. H2 СН4 С2Н6 С2Н4 С2Н2 
1 31.9914 2.113 0.6613 0.5583 0.0513 
2 0.0009 0.0006 0.0001 0.0004 0.0003 
3 0.0268 0.006 0.0035 0.0049 0.0217 
4 0.0675 0.0092 0.0033 0.012 0.02779 
5 0.0008 0.0003 0.0001 0.0005 0.0013 
6 0.0032 0.0042 0.0098 0.0024 0.0001 
7 0.00082 0.0227 0.0056 0.00004 0 
8 0.005 0.0079 0.003 0.0036 0.0002 
9 0.0197 0.0293 0.0095 0.0467 0.002 

10 0.054 0.076 0.029 0.004 0.005 
11 0.013 0.0098 0.0103 0.0009 0.00001 
12 0.0021 0.0034 0.0005 0.0047 0.0062 
13 0.0042 0.0062 0.0005 0.0063 0.0073 
14 0.0009 0.0002 0.00009 0.0011 0.00009 
15 0.0636 0.0805 0.0138 0.019 0.00755 
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Variant No. 7 

No. H2 СН4 С2Н6 С2Н4 С2Н2 
1 0.0835 0.0076 0.0029 0.001 0.0016 
2 0.0008 0.0004 0.0001 0.0003 0.0002 
3 0.0346 0.0114 0.0029 0.00499 0.006 
4 0.0212 0.0038 0.0015 0.0047 0.0078 
5 0.0298 0.0048 0.0011 0.0052 0.0302 
6 0.0042 0.0079 0.0152 0.0031 0.0001 
7 0.00047 0.00673 0.00152 0.00022 0 
8 0.028 0.03925 0.01717 0.020613 0.000508 
9 0.00704 0.01989 0.00289 0.02412 0.00104 

10 0.018 0.018 0.0312 0.0074 0.0003 
11 0.0313 0.0013 0.0028 0.0016 0 
12 0.0041 0.0002 0.00001 0.00001 0.00001 
13 0.1 0.026 0.022 0.157 0.003 
14 0.0003 0.0028 0.0038 0.0048 0.00001 
15 0.0164 0.0225 0.0012 0.0275 0.0521 

 

Variant No. 8 

No. H2 СН4 С2Н6 С2Н4 С2Н2 
1 0.0651 0.0052 0.0035 0.0021 0 
2 0.1678 0.06529 0.00807 0.10059 0.04191 
3 0.0014 0.0005 0.0006 0.0001 0.0005 
4 0.005031 0.000586 0.000334 0.000804 0.002719 
5 0.0119 0.0031 0.001 0.0075 0.0165 
6 0.0044 0.0052 0.0119 0.0015 0.0001 
7 0.00065 0.0175 0.00461 0.00059 0 
8 0.0086 0.07117 0.00061 0.0065 0.00061 
9 0.00699 0.007 0.002903 0.01399 0.000998 

10 0.007503 0.002199 0.002186 0.013299 0.000556 
11 0.0021 0.0008 0.0008 0.0002 0.0052 
12 0.0255 0.0846 0.0614 0.1629 0.02019 
13 0.28 0.280000 0.023400 0.350000 0.360000 
14 0.0059 0.0002 0.0001 0.0063 0.00004 
15 0.019900 0.000800 0.002000 0.000300 0.000001 
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Variant No. 9 

No. H2 СН4 С2Н6 С2Н4 С2Н2 
1 0.190300 0.017200 0.001400 0.001900 0.001500 
2 0.0394 0.023 0.0044 0.013 0.0102 
3 0.1793 0.0472 0.0417 0.0071 0.1045 
4 0.0121 0.0021 0.0011 0.0032 0.0045 
5 0.3311 0.2578 0.051 0.1462 0.545 
6 0.007 0.0094 0.0216 0.0029 0.0001 
7 0.001 0.01 0.002 0.0004 0 
8 0.5239 4.0972 0.6101 0.7784 0.02339 
9 0.0122 0.0355 0.0048 0.0448 0.0017 

10 0.0369 0.076 0.0548 0.1484 0.03208 
11 0.016 0.013 0.0033 0.0096 0 
12 8 0.01 0.001 13 0.001 
13 0.0021 0.0019 0.0086 0.0262 0.003 
14 0.003366 0.000297 0.003316 0.001 0.000247 
15 0.0043 0.0048 0.0003 0.0075 0.0081 

 

Variant No. 10 

No. H2 СН4 С2Н6 С2Н4 С2Н2 
1 0.2152 0.0169 0.0056 0.0026 0.000001 
2 0.029 0.0099 0.0019 0.0121 0.0112 
3 0.224 0.056 0.038 0.045 0.094 
4 0.0114 0.0036 0.00084 0.00242 0.0043 
5 0.0175 0.0028 0.0009 0.0085 0.0199 
6 0.00113 0.001525 0.003988 0.000128 0.000069 
7 0.001 0.01 0.002 0.0004 0 
8 0.01 2.2 0.6 0.7 0.01 
9 0.01225 0.03381 0.00487 0.04499 0.00171 

10 0.0129 0.019 0.0362 0.0142 0.0001 
11 0 0.2504 0.0018 0.064 0.3251 
12 0.03 0.044 0.25 0.12 0.4 
13 0.0035 0.0077 0.0089 0.006 0.00005 
14 0.0293 0.001 0.0016 0.0003 0.000000 
15 0.0114 0.0301 0.0337 0.00005 0.00001 
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Variant No. 11 

No. H2 СН4 С2Н6 С2Н4 С2Н2 
1 0.0192 0.0017 0.0005 0.0003 0 
2 0.0013 0.0005 0.0003 0.0004 0.0003 
3 0.002483 0.00031 0.000355 0.000488 0.001772 
4 0.009 0.00280 0.000800 0.003100 0.003200 
5 0.0206 0.0042 0.0016 0.0082 0.0221 
6 0.000479 0.001112 0.002774 0.000309 0.000051 
7 0.0013 0.0131 0.0037 0.0005 0.00002 
8 0.127 0.345 0.052 0.139 0.0008 
9 0.012 0.0338 0.0049 0.0449 0.0017 

10 0.0073 0.0006 0.0086 0.0001 0.0003 
11 0.002996 0.003143 0.001203 0.001371 0.001287 
12 0.3712 0.001 0.0018 0.0004 0 
13 0.0002 0.0001 0.0001 0 0 
14 0.0234 0.03 0.0056 0.0029 0.0052 
15 0.0041 0.00061 0.00023 0.0067 0.00033 

 

Variant No. 12 

No. H2 СН4 С2Н6 С2Н4 С2Н2 
1 0.095 0.0037 0.00136 0.0012 0 
2 0.023507 0.004907 0.00157 0.01174 0.00629 
3 0.0305 0.012 0.003 0.0056 0.00688 
4 0.002523 0.000993 0.000711 0.00051 0.000604 
5 0.0017 0.0012 0.0003 0.0008 0.00255 
6 0.007647 0.008387 0.027588 0.002117 0.000109 
7 0.0096 0.0914 0.0435 0.0001 0.00005 
8 0.018 0.069 0.029 0.0312 0.00039 
9 0.0123 0.0348 0.005 0.0462 0.0018 

10 0.093 0.0404 0.0123 0.1037 0.00035 
11 0.956 0.2573 1.9772 0.00316 0.0014 
12 0.018 0.06529 0.0075 0.005 0.0004 
13 0.0095 0.011 0.016 0.005 0.00001 
14 0.0836 0.1396 0.0367 0.2746 0.3026 
15 0.000200 0.000400 0.000500 0.000300 0.000000 
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Variant No. 13 

No. H2 СН4 С2Н6 С2Н4 С2Н2 
1 7.3779 0.6711 0.09027 0.06864 0.003792 
2 0.0777 0.0167 0.005 0.0264 0.023 
3 0.011885 0.001217 0.000814 0.000837 0.004482 
4 0.0111 0.0026 0.0009 0.0031 0.0065 
5 0.1258 0.0368 0.0084 0.0824 0.1578 
6 0.001902 0.001983 0.008075 0.000295 0.000084 
7 0.00189 0.0303 0.0157 0 0.00008 
8 3.1681 9.265 2.9401 6.6307 0.02215 
9 0.0123 0.03476 0.00499 0.04616 0.00178 

10 0.0023 0.0021 0.0088 0.0261 0.0029 
11 0.03 0.049 0.036 0.0095 0.018 
12 0.0064 0.0019 0.0011 0.0082 0 
13 0.0012 0.8778 0.0004834 0.00119 0.0019 
14 0 1.89 0.041 0.054 0.033 
15 0.2443 0.3422 0.7852 0.3 0.6394 

 

Variant No. 14 

No. H2 СН4 С2Н6 С2Н4 С2Н2 
1 5.778700 0.545800 0.154600 0.072980 0.006920 
2 0.00654 0.00063 0.0002 0.00504 0.0026 
3 0.0678 0.0368 0.0092 0.0108 0.0163 
4 0.004254 0.001262 0.000285 0.001017 0.002563 
5 0.0014 0.0011 0.0001 0.0003 0.0018 
6 0.001293 0.002522 0.007958 0.000289 0.000083 
7 0.00189 0.0303 0.0157 0.000001 0.00008 
8 0.0021 0.0072 0.0034 0.0046 0.0004 
9 0.0122 0.0335 0.0048 0.0448 0.0017 

10 0.0103 0.0074 0.008 0.0009 0 
11 0.024 0.0157 0.0098 0.0127 0.00008 
12 0.0019 0.0021 0.0011 0.0004 0.0001 
13 0.0062 0.00130 0.006 0.0036 0.0018 
14 0.016 0.013 0.0033 0.0096 0.00000096 
15 0.09 0.312 0.046 0 0 
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Variant No. 15 

No. H2 СН4 С2Н6 С2Н4 С2Н2 
1 0.0067 0.0004 0.0003 0.0002 0.00000001 
2 0.0025 0.0004 0.0002 0.0011 0.0008 
3 0.0179 0.0029 0.001 0.0017 0.0033 
4 0.0935 0.0271 0.0116 0.033 0.042 
5 0.002816 0.001996 0.000318 0.00102 0.003813 
6 0.0007 0.0061 0.0063 0.0018 0.00005 
7 0.0019 0.0303 0.0157 0.0001 0.0001 
8 0.17 0.358 0.08 0.27 0.0135 
9 0.021 0.0311 0.0097 0.0581 0.0026 

10 0.08 0.1393 0.0304 0.2817 0.3 
11 0.000235 0.00017 0.00006 0.00012 0.00001 
12 0.0033 0.0011 0.0069 0.0001 0 
13 0.2751 0.0153 0.0097 0.0073 0.5735 
14 0.01 0.01 0.001 0.01 0.0001 
15 0.001044 0.000862 0.000463 0.000684 0.000016 

 

Variant No. 16 

No. H2 СН4 С2Н6 С2Н4 С2Н2 
1 0.0088 0.0006 0.0001 0.00001 0.00002 
2 0.0157 0.007 0.0034 0.0096 0.008 
3 0.005421 0.000565 0.000468 0.00072 0.002681 
4 0.0055 0.0011 0.0007 0.0016 0.0035 
5 0.0236 0.0061 0.0014 0.0113 0.0259 
6 0.0007 0.0056 0.0059 0.0013 0.0001 
7 0.002000 0.013200 0.006100 0.001700 0.000000 
8 0.000170 0.000235 0.000060 0.000120 0.000010 
9 0.6709 1.05 0.14 1.77 0.075 

10 0.4075 1.9794 0.0966 0.00068 0.00005 
11 0.0103 0.0114 0.0032 0.0066 0.0017 
12 0.4066 0.9474 0.0353 0.6552 1.2997 
13 0.002 0.0019 0.0091 0.0248 0.0027 
14 0.01161983 0.01909629 0.1023211 0.04418302 0.124582 
15 0.0021 0.0019 0.0094 0.0248 0.0027 
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Variant No. 17 

No. H2 СН4 С2Н6 С2Н4 С2Н2 
1 0.1462 0.0085 0.0011 0.0003 0.000000 
2 0.0497 0.023 0.0051 0.0151 0.0122 
3 0.03450 0.01123 0.00275 0.00515 0.00588 
4 0.032 0.016032 0.0035616 0.01032 0.0113024 
5 0.4344 0.252 0.0565 0.1483 0.5433 
6 0.0005 0.0052 0.0054 0.0012 0.00005 
7 0.000700 0.004600 0.002300 0.000700 0.000000 
8 2.47 6.100000 2.630000 4.210000 0.156000 
9 0.0115 0.0318 0.0051 0.0463 0.0017 

10 0.000400 0.000500 0.000600 0.000200 0.000000 
11 0.01015 0.002445 0.000897 0.012837 0 
12 0.0016 0.0034 0.0014 0.0016 0.0016 
13 0.0071 0.0079 0.0003 0.0072 0.0115 
14 0.018800 0.000600 0.000900 0.000300 0.000000 
15 0.0186 0.0813 0.0015 0.0249 0.1001 

 

Variant No. 18 

No. H2 СН4 С2Н6 С2Н4 С2Н2 
1 1.2 0.0754 0.023 0.0002 0.0001 
2 0.072300 0.019100 0.011000 0.029300 0.028800 
3 0.009300 0.003100 0.001500 0.001500 0.003200 
4 0.026 0.013 0.0029 0.0084 0.0092 
5 0.0262 0.0222 0.0027 0.0168 0.041 
6 0.0006 0.0065 0.0068 0.0015 0.00005 
7 0.001300 0.013800 0.008300 0.001600 0.000000 
8 0.0005 0.0011 0.0004 0.0008 0.00005 
9 0.0115 0.03181 0.00507 0.04627 0.00168 

10 0.0159 0.022 0.00001 0.00001 0.00103 
11 0.3956 0.2333 0.25 0.00009 0.00001 
12 0.001432 0.001074 0.3944 0.0035839 0.005367 
13 0.0022 0.0051 0.0057 0.0042 0 
14 0.0134 0.0134 0.0157 0.0045 0 
15 0.000032 0.000025 0.000004 0.000025 0 
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Variant No. 19 

No. H2 СН4 С2Н6 С2Н4 С2Н2 
1 0.14 0.01 0.0056 0.0012 0.0009 
2 0.0086 0.003 0.001 0.0035 0.0019 
3 0.0077 0.0011 0.0007 0.0012 0.0017 
4 0.1135 0.0144 0.0106 0.0541 0.0793 
5 0.1249 0.037 0.0056 0.0606 0.1371 
6 0.0005 0.005 0.0059 0.001 0.00005 
7 0.0003 0.002 0.0012 0.0003 0 
8 0.3253 0.508 0.177 0.3133 0.0017 
9 0.001819 0.002199 0.000658 0.004692 0.000397 

10 0.026 0.0003 0.0018 0.0002 0.000001 
11 0.0164 0.0244 0.0497 0.0103 0.0008 
12 0.0075 0.011 0.03 0.02 0.05 
13 0.11 0.16 0.201 0.0221 0.0026 
14 0.0056 0.0061 0.0075 0.003 0.0031 
15 0.002 0.00039 0.00038 0.002 0.00003 

 

Variant No. 20 

No. H2 СН4 С2Н6 С2Н4 С2Н2 
1 5.3862 0.4166 0.04776 0.028271 0.000408 
2 0.00299 0.00091 0.00035 0.00207 0.00025 
3 0.0188 0.003 0.0009 0.0013 0.0048 
4 0.0058 0.0022 0.0009 0.0015 0.0036 
5 0.0249 0.0091 0.0033 0.0224 0.0357 
6 0.0011 0.0101 0.011 0.0001 0.0001 
7 0.0006 0.0041 0.0024 0.0007 0 
8 0.3258 0.5081 0.177 0.3133 0.0017 
9 0.00794 0.02309 0.00395 0.03535 0.00241 

10 0.0053 0.0049 0.0514 0.0002824 0.0031 
11 0.0015 0.0004 0.0003 0.0017 0.0002 
12 0.003357 0.003357 0.000922 0.002349 0.000015 
13 0.0009 0.0031 0.0001 0.0001 0.0001 
14 0.0006 0.0009 0.0004 0.001 0.0001 
15 0.0025 0.0049 0.0069 0.001 0.000001 
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Variant No. 21 

No. H2 СН4 С2Н6 С2Н4 С2Н2 
1 0.1452 0.0085 0.0011 0.0003 0 
2 0.006 0.00282 0.00065 0.00596 0.00171 
3 0.027 0.0068 0.012 0.0014 0.0096 
4 0.0113 0.0024 0.002 0.0057 0.0061 
5 0.1258 0.0378 0.0082 0.0624 0.1328 
6 0.00171 0.0102 0.0161 0.00285 0.00008 
7 0.0047 0.0191 0.0043 0.0015 0.00000001 
8 0.0024 0.0064 0.0041 0.0043 0.00005 
9 0.0026700 0.0066100 0.0009800 0.0102300 0.0003800 

10 0.0118 0.0122 0.013 0.002 0.0093 
11 0.0586 0.0019 0.0077 0.0006 0.000002 
12 0.0024 0.002 0.0087 0.0264 0.0031 
13 0.903 0.00203 0.00297 0.02 0.00105 
14 0.0117 0.0531 0.0027 0.0132 0.0848 
15 1.0984 0.0035 0.0011 0.004 0 

 

Variant No. 22 

No. H2 СН4 С2Н6 С2Н4 С2Н2 
1 0.092 0.009 0.002 0.0002 0 
2 0.27 0.025 0.007 0.03 0.024 
3 0.1089 0.0231 0.00248 0.00267 0.00911 
4 0.0239 0.0041 0.0021 0.0059 0.0227 
5 0.5 0.3 0.05 0.4 0.699 
6 0.00193 0.0103 0.0159 0.0019 0.00006 
7 0.000300 0.000700 0.000100 0.000000 0.000000 
8 0.062 0.22 0.11 0.2 0.0013 
9 0.0095 0.0312 0.0052 0.0465 0.0016 

10 0.001600 0.000010 0.000200 0.000100 0.000000 
11 0.013 0.0098 0.0103 0.0009 0.00001 
12 0.0061 0.00360 0.0051 0.0011 0.0012 
13 0.0212 0.0109 0.0053 0.0343 0.0053 
14 0.0003 0.0001 0.0004 0.000001 0 
15 0.02 0.023 0.0002 0.017 0.048 
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Variant No. 23 

No. H2 СН4 С2Н6 С2Н4 С2Н2 
1 0.008433 0.000805 0.000722 0.000038 0 
2 0.005 0.00048 0.00052 0.0023 0.00011 
3 0.0073 0.0008 0.0004 0.0002 0.0012 
4 0.0024 0.0008 0.0004 0.0008 0.0017 
5 0.0091 0.0033 0.0024 0.0092 0.0134 
6 0.0006 0.0079 0.0137 0.0027 0.00005 
7 0.000500 0.002900 0.001000 0.000300 0.000000 
8 0.0005 0.001 0.0006 0.0007 0.00005 
9 0.00947 0.03121 0.00517 0.04649 0.00163 

10 0.3691 0.0039 0.0015 0.0046 0 
11 0.00950 0.01100 0.01600 0.00500 0.00000 
12 1.9 2 0.8 1 0.87 
13 0.016 0.013 0.0033 0.0096 0.00001 
14 0.00497 0.00185 0.00044 0.006 0.0012 
15 0.0056 0.03341 0.0075 0.0032 0.0031 

 

Variant No. 24 

No. H2 СН4 С2Н6 С2Н4 С2Н2 
1 0.0601 0.0047 0.0007 0.0004 0.000000 
2 0.00862 0.00587 0.00105 0.00535 0.00096 
3 0.003502 0.000886 0.00084 0.000253 0.00097 
4 0.02 0.0048 0.0014 0.0117 0.0131 
5 0.0122 0.0041 0.0031 0.0143 0.0188 
6 0.0026 0.017 0.0278 0.0025 0.0002 
7 0.16 0.36 0.067 0.0014 0 
8 0.0005 0.0013 0.0009 0.001 0.00005 
9 0.009 0.016 0.0054 0.033 0.0029 

10 0.0076 0.0009 0.003 0.005 0.0000001 
11 0.0014 0.00001 0.00001 0.00001 0.00001 
12 0.0164 0.0225 0.0012 0.0275 0.0521 
13 6 0.01 0.001 8 0.001 
14 0.019000 0.000900 0.002500 0.000300 0.000001 
15 0.0011 0.0004 0.0007 0.0009 0.00001 
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Variant No. 25 

No. H2 СН4 С2Н6 С2Н4 С2Н2 
1 29.991400 1.859100 0.737400 0.519200 0.059100 
2 0.7487 0.4463 0.2605 0.6973 0.2511 
3 0.0293 0.005 0.0007 0.0013 0.012 
4 0.0225 0.0042 0.0016 0.0082 0.0221 
5 1.0031 0.2503 0.1094 0.6314 1.1033 
6 0.0005 0.0051 0.0085 0.0011 0.00005 
7 0.0015 0.0087 0.0033 0.0011 0.0001 
8 0.0006 0.0017 0.001 0.0017 0.00005 
9 0.0161 0.0187 0.0088 0.0461 0.0018 

10 0.036 0.14 0.18 0.23 0.0032 
11 0.0009 0.0001 0.00009 0.0011 0.00009 
12 0.0018 0.0031 0.0002 0.0044 0.0059 
13 0.0838 0.00011 0.00019 0.00114 0.00045 
14 1.79 2.98 3.05 0.15 1.98 
15 0.9739 0.2004 0.275 0.5114 0 

 

Variant No. 26 

No. H2 СН4 С2Н6 С2Н4 С2Н2 
1 0.0103 0.00058 0.00073 0.0005 0.00007 
2 0.4872 0.3825 0.1619 0.292 0.1635 
3 0.0345 0.011225 0.00275 0.00515 0.005875 
4 0.0441 0.0207 0.0043 0.0224 0.0261 
5 0.0098 0.0091 0.0018 0.0072 0.0154 
6 0.001 0.0107 0.019 0.0019 0.0001 
7 0.0025 0.0132 0.0061 0.0017 0 
8 0.0005 0.0008 0.0004 0.0007 0.00005 
9 0.155 0.274 0.0816 0.565 0.0184 

10 0.1487 0.9906 0.1008 0.0745 0.00965 
11 9.26 10.200000 0.053388 0.000817 0.650000 
12 0.01691 0.00018 0.00035 0.00002 0 
13 0.000005 1.89 0.041 0.054 0.033 
14 0.037 0.1249 0.0056 0.0606 0.1371 
15 0.0384 0.0388 0.0055 0.011 0.0033 
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Variant No. 27 

No. H2 СН4 С2Н6 С2Н4 С2Н2 
1 4.4171 0.3517 0.1288 0.0297 0.005011 
2 0.00419 0.00326 0.0005 0.0041 0.00151 
3 0.008363 0.002099 0.00077 0.000915 0.003808 
4 0.00586 0.00305 0.00049 0.00262 0.00384 
5 0.0344 0.0204 0.0035 0.0494 0.057 
6 0.0029 0.011 0.029 0.0053 0.001 
7 0.7323 3.0435 1.382 0.2912 0.00198 
8 0.0002844 0.000402 0.000232 0.0003271 0.0000103 
9 0.1374 0.2648 0.0628 0.5376 0.0298 

10 0.0528 0.0239 0.0251 0.0044 0.0001 
11 0.0164 0.0244 0.00083 0.0103 0.0497 
12 0.0041 0.0122 0.0031 0.0143 0.0188 
13 0.0081 0.007 0.0025 0.0068 0 
14 0.00008 0.000175 0.000012 0.000011 0.000008 
15 0.01399 0.013 0.001197 0.008935 0.00072 

 

Variant No. 28 

No. H2 СН4 С2Н6 С2Н4 С2Н2 
1 0.29360 0.01530 0.00460 0.00220 0.00000 
2 0.0225 0.0046 0.0049 0.0164 0.0009 
3 0.008307 0.00209 0.000769 0.000914 0.003803 
4 0.0058 0.00449 0.0011 0.00206 0.00235 
5 0.0309 0.0119 0.004 0.0265 0.0387 
6 0.0012 0.0032 0.0081 0.0008 0.0001 
7 0.0027 0.0051 0.0019 0.0004 0.00009 
8 0.0005 0.0009 0.0005 0.0009 0.00005 
9 0.0173 0.0341 0.0169 0.0814 0.0041 

10 0.0078 0.0005 0.001 0 0 
11 0.0773 0.0022 0.0008 0.001 0 
12 0.007 0.0078 0.0004 0.0071 0.0114 
13 0.002 0.0019 0.0088 0.0251 0.0029 
14 7.9165 4.3174 5.211 3.284 1.8652 
15 0.01596783 0.03142857 0.1578947 0.08644503 0.1694316 
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Variant No. 29 

No. H2 СН4 С2Н6 С2Н4 С2Н2 
1 0.1 0.005 0.004 0.003 0.001 
2 0.1678 0.06529 0.00807 0.10059 0.04191 
3 0.0107 0.0027 0.0018 0.0025 0.0065 
4 0.021 0.0043 0.0033 0.0102 0.0187 
5 0.0021 0.0016 0.0005 0.0012 0.00285 
6 0.00020 0.00140 0.00470 0.00110 0.00010 
7 0.001 0.0025 0.0008 0.0005 0.0002 
8 5 7 5 5 0.5 
9 0.01729 0.03341 0.01729 0.08125 0.00377 

10 0.0627 0.0846 0.0614 0.1629 0.02019 
11 0.0099 0.0747 0.0013 0.0097 0.1036 
12 0.0085 0.01 0.015 0.004 0.00001 
13 1.9 2 0.9 1 0.9 
14 0.0176 0.02059 0.00477 0.00757 0.00687 
15 0.0006 0.299 0.002999 0.0026076 0.0067 

 

Variant No. 30 

No. H2 СН4 С2Н6 С2Н4 С2Н2 
1 31.991400 2.113000 0.661300 0.558300 0.051300 
2 0.2193 0.0956 0.0307 0.1714 0.0125 
3 0.0028 0.002 0.001 0.001 0.0014 
4 0.0008 0.0003 0.0001 0.0003 0.0007 
5 0.5193 0.2589 0.0592 0.1591 0.5228 
6 0.000718 0.003236 0.008104 0.000237 0.000039 
7 0.0025 0.0042 0.0014 0.0005 0.0001 
8 0.01 2.08 0.6 0.7 0.01 
9 0.01729 0.03341 0.01729 0.08125 0.00377 

10 0.105 0.00203 0.00011 0.00017 0 
11 0.88 6.4064 7.2128 9.569 0 
12 0.0154 0.0011 0.0014 0.0008 0.0003 
13 0.0019 0.0032 0.00069 0.00036 0.00005 
14 0.0927 0.0968 0.0132 0.0146 0.00773 
15 0.0797 0.0005 0.0004 0.0006 0.0005 

 



98 

Variant No. 31 

No. H2 СН4 С2Н6 С2Н4 С2Н2 
1 7.3779 0.6711 0.06864 0.05027 0.005792 
2 0.00032 0.00031 0.00005 0.00027 0.00014 
3 0.028 0.0055 0.0031 0.0046 0.0226 
4 0.0055 0.0032 0.0011 0.0012 0.0042 
5 0.0034 0.0021 0.0004 0.0049 0.0056 
6 0.002998 0.007477 0.022736 0.000538 0.000088 
7 0.0004 0.0007 0.0003 0.0001 0 
8 0.0007 0.0138 0.0032 0.005 0.00025 
9 0.0173 0.0334 0.0172 0.08125 0.00377 

10 0.0318 0.0337 0.0057 0.0583 0.0641 
11 0.0212 0.0109 0.0053 0.0343 0.0003 
12 0.0002 0.0012 0.0014 0.0017 0 
13 0.01055017 0.01488829 0.08625263 0.04034102 0.1162948 
14 0.001 0.016 0.0003 0.0001 0.0001 
15 0.0104 0.011 0.0012 0.0086 0.0131 

 

Variant No. 32 

No. H2 СН4 С2Н6 С2Н4 С2Н2 
1 0.2002 0.0106 0.0018 0.0007 0 
2 0.01622 0.01283 0.00039 0.00337 0.00035 
3 0.00070 0.00020 0.00010 0.00010 0.00010 
4 0.008 0.0024 0.0006 0.0051 0.0062 
5 0.4548 0.2449 0.0518 0.2313 0.467 
6 0.001751 0.005435 0.015862 0.000289 0.000118 
7 0.014 0.0173 0.0045 0.0017 0 
8 0.00308 0.0175 0.0035 0.0103 0.0001 
9 0.0172 0.0335 0.0171 0.0812 0.00378 

10 0.00151 0.02718 0.00027 0.00012 0 
11 0.0022 0.002 0.0094 0.0281 0.0033 
12 0.0049 0.0009 0.4161 0.0007 0.0017 
13 0.3166667 0.3714286 0.4491553 0.4226202 0.4484953 
14 0.11 0.002 0.00094 0.0016 0 
15 0.0096 0.024 0.002 0.0008 0.0005 
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Variant No. 33 

No. H2 СН4 С2Н6 С2Н4 С2Н2 
1 1 0.0799 0.0538 0.0323 0 
2 0.0084 0.0036 0.0006 0.0046 0.0006 
3 0.003622 0.000752 0.000638 0.000251 0.001298 
4 0.063 0.012 0.01 0.053 0.054 
5 0.4548 0.2449 0.0518 0.2314 0.4669 
6 0.002515 0.007267 0.021855 0.000555 0.000093 
7 0.0028 0.004 0.0013 0.0005 0.0001 
8 0.168100 9.265000 2.940100 6.630700 0.022150 
9 0.00845 0 0.00312 0.02756 0.00095 

10 0.0021 0.0034 0.0005 0.0047 0.0062 
11 0.4374 1.9065 0.094 0.00067 0.00005 
12 0.0009 0.0002 0.0003 0.0004 0 
13 0.0094 0.0076 0.0043 0.0061 0.00037 
14 0.1708 0.0004 0.0004 0.0029 0 
15 0.021200 0.010900 0.005300 0.034300 0.000300 

 

Variant No. 34 

No. H2 СН4 С2Н6 С2Н4 С2Н2 
1 0.098 0.0073 0.0058 0.0012 0 
2 0.00044 0.00019 0.00001 0.00022 0.00003 
3 0.008247 0.002086 0.000772 0.000916 0.003809 
4 0.00618 0.00424 0.00051 0.00381 0.0041 
5 0.157 0.073500 0.008700 0.133000 0.174000 
6 0.001089 0.002552 0.008216 0.000241 0.000039 
7 0.0032 0.0044 0.0014 0.0006 0.0002 
8 0.0056 0.0269 0.009 0.0147 0.00013 
9 0.0098 0.0123 0.0033 0.0296 0.0016 

10 0.0026 0.0038 0.0008 0.005 0.0075 
11 0 0.0028 0.0002 0.0038 0.0065 
12 0.1481 0.0018191 0.7215 0.0031233 0.023 
13 0.0023 0.0053 0.0078 0.0006 0.00002 
14 0.0009 0.0002 0.00009 0.001 0.00009 
15 0.014900 0.000800 0.001700 0.000300 0.000001 
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Variant No. 35 

No. H2 СН4 С2Н6 С2Н4 С2Н2 
1 0.087 0.0057 0.0026 0.0021 0 
2 0.00100 0.00030 0.00010 0.00020 0.00020 
3 0.014 0.0054 0.0079 0.0021 0.00538 
4 0.2500 0.1004 0.0389 0.1600 0.2223 
5 0.0041 0.0038 0.0003 0.0045 0.0058 
6 0.002708 0.007172 0.022115 0.000531 0.000084 
7 0.136 0.2554 0.1332 0.0561 0 
8 0.0005 0.027 0.014 0.016 0.00047 
9 0.0172 0.03365 0.01725 0.0821 0.0037 

10 1.8589 3.108 3.212 2.148 0.00807 
11 0.0023 0.0006 0.0172 0.0023 0.0031 
12 0.0063 0.0117 0.0146 0.0073 0 
13 0.0217 0.0286 0.0014 0.0458 0.0884 
14 0.0032 0.0061 0.0035 0.0009 0.002 
15 4 9 3 1 1 

 

Variant No. 36 

No. H2 СН4 С2Н6 С2Н4 С2Н2 
1 0.0835 0.0076 0.0029 0.001 0.0016 
2 0.0966 0.0226 0.0032 0.0179 0.0021 
3 0.1559 0.0447 0.0418 0.0073 0.1075 
4 0.0015 0.0005 0.0005 0.0007 0.00145 
5 0.0046 0.0022 0.0015 0.0031 0.0052 
6 0.001654 0.005279 0.015529 0.000341 0.000039 
7 0.0016 0.0079 0.0046 0.0045 0 
8 0.0005 0.003 0.0012 0.0021 0.00005 
9 0.0239 0.0346 0.0078 0.0787 0.0024 

10 0.002 0.0019 0.0083 0.0242 0.0027 
11 0.0069 0.0089 0.0106 0.0014 0.00006 
12 0.002800 0.000200 0.000500 0.000100 0.000000 
13 0.0042 0.0206 0.0016 0.0082 0.0221 
14 0.009600 0.000900 0.002200 0.000300 0.000000 
15 0.0009 0.0002 0.00009 0.0012 0.00009 
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Variant No. 37 

No. H2 СН4 С2Н6 С2Н4 С2Н2 
1 5.778700 0.545800 0.154600 0.072980 0.006920 
2 0.0433 0.0115 0.0015 0.0092 0.0009 
3 0.123 0.0163 0.0233 0.0027 0.0962 
4 0.4751 0.285 0.0852 0.2579 0.3719 
5 1.6 1 0.1 0.9 1.6 
6 0.003013 0.007299 0.02355 0.000618 0.000139 
7 4.592500 24.797000 14.707000 13.856300 0.003033 
8 0.0295 0.1466 0.0331 0.1295 0.0032 
9 0.00113 0.00246 0.00127 0.00599 0.00028 

10 0.0416 0.0021 0.00431 0.00105 0.0001 
11 0.88 6.4064 7.2128 9.565 0 
12 0.0177 0.13088 0 0.00031 0.00362 
13 0.0013 0.0004 0.0003 0.0002 0.0052 
14 0.0249 0.0067 0.0066 0.0063 0.0252 
15 0.057 0.021 0.007 0.116 0.001 

 

Variant No. 38 

No. H2 СН4 С2Н6 С2Н4 С2Н2 
1 0.087 0.0057 0.0026 0.0021 0 
2 0.0394 0.0230 0.0044 0.0130 0.0102 
3 0.004118 0.000441 0.000147 0.000147 0.001618 
4 0.4704 0.254 0.0451 0.3202 0.3807 
5 0.0154 0.0093 0.0021 0.0184 0.0189 
6 0.002976 0.007157 0.023246 0.000582 0.00007 
7 0.0004 0.0021 0.0012 0.0009 0 
8 0.013249 0.0824 0.03495 0.06832 0.000219 
9 0.0005 0.0007 0.0002 0.00177 0.00005 

10 0.0034 0.0083 0.01 0.0136 0 
11 0 0.0162 0.0181 0.0185 0 
12 0.0339 0.0059 0.0042 0.0392 0.0001 
13 2.09 2.98 3.05 0.15 2.98 
14 0.0681 0.00197 0.00011 0.00021 0 
15 0.0574 0.0004 0.0027 0.0003 0 
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Variant No. 39 

No. H2 СН4 С2Н6 С2Н4 С2Н2 
1 0.0192 0.0017 0.0005 0.0003 0 
2 0.04 0.01972 0.00856 0.036007 0.003456 
3 1.9 1 0.9 0.9 0.9 
4 0.4645 0.2566 0.0444 0.3277 0.3713 
5 0.011 0.0104 0.003 0.0086 0.0131 
6 0.002611 0.006773 0.021755 0.000501 0.000072 
7 0.0006 0.0065 0.0032 0.0023 0.0001 
8 0.0025 0.0044 0.0034 0.0038 0.00005 
9 0.008 0.009 0.002 0.025 0.0009 

10 0.008 0.003688 0.002471 0.010347 0.000014 
11 0.1692 0.00371 0.00054 0.00151 0.00001 
12 0.0031 0.0062 0.0037 0.0009 0.002 
13 0.00068 0.0001 0.0006 0.00029 0.00005 
14 0.0039 0.0045 0.0009 0.0055 0.0083 
15 0.0176 0.02059 0.00477 0.00757 0.00687 

 

Variant No. 40 

No. H2 СН4 С2Н6 С2Н4 С2Н2 
1 0.065 0.0053 0.0034 0.002 0 
2 1.701100 1.197100 0.117000 0.817700 0.129300 
3 0.0911 0.0104 0.0231 0.0153 0.0363 
4 0.4637 0.2848 0.0829 0.2583 0.374 
5 0.157 0.111 0.0175 0.178 0.183 
6 0.001817 0.006642 0.021808 0.000522 0.000083 
7 0.0004 0.0063 0.003 0.0021 0.0001 
8 0.0026 0.0039 0.0033 0.0034 0.00005 
9 0.00675 0.01314 0.00384 0.03313 0.00199 

10 0.0038 0.0041 0.0003 0.0045 0.0058 
11 0.01167017 0.01714286 0.1075684 0.04610402 0.1295653 
12 0.002 0.0019 0.0085 0.0262 0.0028 
13 0.003 0.0005 0.001 0.0013 0 
14 0.01484967 0.02988628 0.1397842 0.0798291 0.1729298 
15 0.439 0.0045 0.0017 0.0045 0 
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ANNEX A 

This annex describes how to use the «Duval» software to plot the results of the 

diagnosis of the oil-filled equipment condition using the Duval Triangle 1. First, in 

order to start using this software, the input data files must be prepared. Fig. A.1 shows 

a folder with the «Duval» software and 15 input data files necessary to display the 

condition of the diagnosed transformers on the Duval Triangle. Important note: the 

files must only be signed with numbers from 1 to 15 (as shown in Fig. A.1). Otherwise, 

the user will receive an error message. 

 
Figure A.1 – Folder with input data files and «Duval» software 

Fig. A.2 shows the content of the input data file. The file is a text document that 

contains the gas percentages shown in the triangle. For Triangle 1 these gases are 

methane (CH4), ethylene (C2H4) and acetylene (C2H2). In the file, the percentage values 

of the gases are entered in one line strictly in the following order: CH4, C2H4 and C2H2. 

Important note: 

1) The decimal separator in numbers is a full stop, not a comma. 

2) The numbers are separated by a space. 

3) If there is either an incorrect decimal separator in the input data file, or if the 

numbers are incorrectly separated from each other, the user will receive a message 

about the software execution error (Fig. A.3). 
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Figure A.2 – The content of the input data file 

 
Figure A.3 – Message about the software execution error 

The software's interface is simple enough that it should not be difficult to use. 

Fig. A.4 shows the main window of the «Duval» software. Pressing the single button 

on the main window, if everything is prepared correctly, will open the window with 

the drawn triangle shown in Fig. A.5. As you can see from the figure, the size of the 

window does not allow displaying normally the triangle and the legend with its 

explanations. To display it normally, you should resize the window (Fig. A.6). Fig. A.7 

shows the control panel that allows you save the drawn triangle. Pressing the button 

marked with a red on the panel will open a standard window for the user to save the 

triangle to a file in the desired format. The other buttons on the panel have their own 

functionality, which is in no way related to the task at hand (draw a triangle). Therefore, 

they should not be pressed in order not to disturb in any way the default settings. If, 

however, the standard settings have been violated, you can restore everything to normal 

by pressing the button marked with a green. 
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Figure A.4 – Main window of «Duval» software 

 
Figure A.5 – Window with a drawn triangle 
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Figure A.6 – Window with normal display of drawn triangle 

 
Figure A.7 – Control panel with marked store-to-file button (red coloured) and return to 

default display settings (green coloured) 
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Матеріали надано: Видавничим центром НТУ «ХПІ». 
Свідоцтво про державну реєстрацію ДК № 5478 від 21.08.2017 р. 

61002, Харків, вул. Кирпичова, 2 
Видавець та виготовлювач ТОВ «Друкарня Мадрид»

через ФОП Гобельовська Л. П. 
61024, м. Харків, вул. Гуданова, 18. Тел.: 0800-33-67-62 

Свідоцтво суб’єкта видавничої справи: Серія ДК № 4399 від 27.08.12 р. 
www.madrid.in.ua info@madrid.in.ua 
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